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FOREWORD 
This document comprises mater ia l  presented during one session of the  Manned 
Planetary Mission Technology Conference, Lewis Research Center, May 21,  22,  and 
23, 1963. I n  order t o  expedite re lease t o  t h e  conferees, t h e  papers a r e  being 
published with minimum edi t ing  and retyping of t h e  or ig ina l  manuscripts. Thus 
t h e  usual NASA format and s t y l e  have been compromised. 
The purpose of t h e  conference was t o  explore t h e  p o s s i b i l i t i e s  and problems 
of manned planetary space f l i g h t .  The resu l t s  and contemplations of t h e  individ- 
ua l  papers should i n  no sense be regarded as a p a r t  of NASA plans and programs. 
For t h i s  reason, t h e  contents of t h i s  document a r e  l imi ted  f o r  t h e  present t o  
NASA personnel. 
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OBJECTIVES 
The objectives of th i s  paper a r e  to  give a br ie f  ins ight  i n t o  
the launch vehicle  implications for  a manned Mars expedition and 
follow-on exploration; and secondly, t o  show the e f f e c t s  of such 
a mission requirement on the launch vehicle  system. Due t o  the 
complexity and in t r icacy  of the overal l  m i s s  ion, vehic le  system, 
and t h e i r  in te r re la t ionships ,  only the  very broad and s a l i e n t  
points  w i l l  be discussed. 
BACKGROUND AND SOURCE OF DATA 
The George C.  Marshall Space F l igh t  Center (MSFC) has, over 
the  pas t  three years, conducted numerous in-house as  w e l l  as  con- 
t rac ted  s tudies  i n  the area of launch vehicle  systems and missions 
ana lys i s .  Of these approximately 100 s tud ie s ,  which have e i t h e r  
been completed o r  a r e  i n  progress, about 25 have d e a l t  with the 
question of launch vehicles  and missions including space systems 
design and investigations re la t ing  t o  manned planetary explorations.  
Although the  prime mission of MSFC i s  development and operation of 
launch vehicle  systems, i t  i s  necessary to  study ove ra l l  missions 
and space system designs i n  order t o  properly assess  the launch 
vehic le  implications and determine design requirements of such 
launch vehicle  systems. 
The major source of the data presented i n  t h i s  paper was in-  
house and contracted investigations including the following: 
1. NOVA Launch Vehicle System Studies being conducted 
in-house a t  MSFC and by General Dynamics/Astronautics 
Division and Martin-Marietta Corporation, Baltimore 
Division (Ref. 1 and 2 ) .  
2 .  NOVA Launch F a c i l i t i e s  Studies being conducted by 
the Launch Operations Center (LOC) and by Martin- 
Marietta Corporation, Denver Division (Ref. 3 ) .  
3 .  Early Manned Planetary-Interplanetary Roundtrip 
Expedition (EMPIRE) Studies being performed by 
General Dynamics/Astronautics Division, Lockheed, 
and Ford/Aeronutronics Division (Ref. 4 ,  5 ,  and 6 ) .  
To a lesser degree, some data were used from the Advanced Lunar 
Transportation Studies being conducted in-house a t  MSFC and by 
contractors (Ref. 7 and 8). Also, some information from the 
Orbi ta l  Operations Studies under the d i rec t ion  of MSFC was used 
(Ref. 9 ) .  
M I S S I O N  REQUIREMENTS AND IMPLICATIONS 
Two of the f i r s t  questions which must be answered, when 
studying the manned Mars mission from the launch vehicle  stand- 
point  are:  (1) How does one ge t  t o  and r e t u r n  from Mars, i . e . ,  
the t ra jectory or  f l i g h t  mode? (2) What vehicle or  weight i s  
required for  the space vehicle  system t o  make such a f l i g h t ?  
Figure 1 i l l u s t r a t e s  a typical  t r a j e c t o r y  or  f l i g h t  mode which 
might be used for  a manned Mars mission. Although there  a r e  
various modes t h a t  could be used, but f o r  t h i s  paper, the one 
i l l u s t r a t e d  has been assumed. In  general, the i l l u s t r a t i o n  
represents roughly a 14-month t o t a l  mission duration - - orig-  
ina t ing  in  an Earth o r b i t ,  departing and ar r iv ing  a t  the v i c i n i t y  
of Mars in approximately 4 months, a 2-month staytime on the 
surface o r  i n  the v i c i n i t y  of Mars, and a re turn  t r i p  of approxi- 
mately 8 months duration. Figure 2 i l l u s t r a t e s ,  i n  nore d e t a i l ,  
some of the basic  assumptions as well as the base vehicle  require- 
ments and philosophy. Again, Figure 2 i l l u s t r a t e s  only a typical  
method by which such a mission could be accomplished i n  terms of 
the f l i g h t  mode as well as the space vehicle  required. A s  i l l u s t r a t e d ,  
two ships a r e  assumed, a manned ship and a cargo ship.  The manned 
ship would depart  with one propulsion mode, i l l u s t r a t e d  by Unit 1. 
T h i s  propulsion mode would be required t o  escape the Earth 's  gravi ta-  
t i o n a l  f ie ld .  Unit 2 ,  o r  propulsion s tage 2 ,  would be used for  r e t r o  
(rocket braking) maneuver i n t o  a Mars o r b i t .  
fo r  a propulsion maneuver from Mars o r b i t  t o  Mars escape f o r  the 
Earth return t ra jec tory .  
f o r  hyperbolic re-entry i n t o  the Earth 's  atmosphere and landing on 
the Earth's surface.  Units 2 and 3 of the manned ship could be 
combined into a common stage,  i .e.,  using tank staging and re-  
ign i t ing  the same engine. The manned sh ip  would provide trans- 
portat ion f o r  the personnel only from the Earth o r b i t  t o  a Mars 
o r b i t  and return.  
Unit 3 ,  would be used 
Unit 4 would be the manned capsule used 
I n  order  t o  provide landing capabi l i ty  on the surface of Mars, 
a cargo ship w a s  assumed t o  be required,  based on the typ ica l  example 
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i l l u s t r a t e d  i n  Figure 2 .  The cargo sh ip ,  as i n  the case of the  
manned sh ip ,  would use a rocket propulsion s tage  (Unit 1) t o  
escape the Ear th ' s  g rav i ta t iona l  f i e l d ,  and a propulsion s tage  
(Unit 2) f o r  braking maneuver into a Mars o r b i t .  The payload 
f o r  the cargo ship w a s  assumed t o  be a Mars excursion module, 
i . e . ,  the  vehicle  which would provide the  c a p a b i l i t i e s  f o r  a manned 
landing on the surface of Mars as  well  as r e tu rn  t o  a Mars o r b i t  
and, of course, rendezvous with the manned spacecraf t .  A s  
i l l u s t r a t e d  i n  Figure 2 ,  t h i s  would be maneuvers o r  Units 5 and 6 .  
Based on the  assumptions regarding propulsion, i .e . ,  nuclear 
propulsion f o r  Units 1 and 2 for both ships  and Unit 3 f o r  the 
manned sh ip ,  and chemical propulsion f o r  Units 5 and 6 ,  i t  has 
been determined t h a t  the useful weight (payload) a r r i v i n g  i n  a 
Mars o r b i t  fo r  both manned and cargo ships  would be approximately 
equal. Also,  Units 3 and 4 of the manned sh ip  would be equal i n  
weight t o  Units 5 and 6 of the unmanned ship.  For the  purpose of 
t h i s  paper, i t  w a s  assumed t h a t  Units 1 and 2 f o r  both ships  would 
be iden t i ca l .  The landing capabi l i ty  provided by the cargo sh ip  
would depend very la rge ly  on the following considerations: The 
type of propulsion used f o r  Units 5 and 6 ;  the c h a r a c t e r i s t i c s  of 
the  Mars atmosphere; the vehicle designed; the number of people t o  
be transported per ship;  the  redundancy required i n  terms of one 
sh ip  as well  as standby ships;  the staytime on Mars; and the 
cha rac t e r i s t i c s  of the Mars surface. Preliminary s tud ie s  ind ica t e  
t h a t ,  with the assumed payload to  be delivered t o  Mars o r b i t  by 
the  cargo sh ip ,  the following could be accommodated: 
1. Two, two-man Mars excursion vehic les ,  each with 
a two t o  three week sur face  staytime. 
2 .  Several s m a l l  probes t h a t  could be launched from 
o r b i t  i n to  the  Mars atmosphere t o  obtain s c i e n t i f i c  
data a s  well as  for Mars sur face  exploration. 
The weight required i n  an Earth o r b i t  fo r  one sh ip  i s  
i l l u s t r a t e d  i n  Figure 3 .  I n  view of the extended f l i g h t  time, 
mission complexity, and the hazardous environment involved i n  
such a t r i p ,  c e r t a i n  redundancies a r e  considered necessary. A s  
can be seen i n  the i l l u s t r a t i o n ,  the  weight of the sh ips  would 
vary with t i m e  as w e l l  as the  aqount of s o l a r  a c t i v i t y  which 
would be encountered over the years. For 1971,  when a low s o l a r  
a c t i v i t y  is  expected, the weight of the  ship va r i e s  from approx- 
imately 1.0 mil l ion l b ,  o r  a l i t t l e  over, f o r  a nuclear system 
using a Hohmann type f l i g h t  mode t o  approximately 3.0 mi l l i on  lb 
f o r  a chcqically propelled system using Hohmann t r ans fe r .  For 
the  purpose of t h i s  p a p e r ,  i t  was assumed t h a t  each sh ip  would 
weigh approximately 1.5 mil l ion l b ,  which corresponds t o  a ship 
i n  the 1971 time period using nuclear propulsion stages and a 
r e l a t i v e l y  f a s t  t ransfer  (14 months t o t a l  t r i p  time) as i l l u s -  
t r a t e d  in  Figure 1. Also shown are the weight requirements for  
a ship i n  1979 where not only increased ve loc i ty  is  required,  
but  additional shielding is  required due t o  the high s o l a r  
a c t i v i t y  which i s  ant ic ipated during t h a t  time period. On the 
r i g h t  of Figure 3 ,  are given the assumptions used for  t h i s  paper 
i n  terms of weight required i n  an Earth o r b i t  of approximately 
300 naut ical  miles a l t i t u d e  f o r  a manned Mars landing and re turn .  
Certain redundancies w i l l  be required: 
near minimum and four ships would c o n s t i t u t e  a desirable  exploration, 
thus yielding 4.5 mill ion l b  f o r  the min imum and 6.0 mi l l ion  l b  
i n  o r b i t  for  a nominal expedition. 
Three ships  a r e  considered 
LAUNCH VEHICLE REQUIREMENTS 
The establishment of launch vehicle  requirements a t  t h i s  time 
i s  considered prenature. Due t o  uncer ta in t ies  i n  the mode se lec t ion ,  
t r i p  time, type of propulsion to  be used and weight of the space 
ship f o r  a Mars exploration, only typical  or  representat ive require- 
ments (or desirements) can be established. Since the launch vehic le  
t o  be used f o r  the Mars t r i p  w i l l  a l s o  have other missions, they 
too must be taken i n t o  consideration i n  es tabl ishing requirem2nts. 
Unfortunately these other missions, such as  lunar base, o r b i t a l  
operations,  global l o g i s t i c s ,  e tc . ,  a r e  not  well defined e i t h e r  
and, therefore,  tend t o  complicate the "launch vehicle  requirement" 
p ic ture  even fur ther .  
Of a l l  the missions (or desirements) analyzed t o  da te ,  the 
Mars mission is  the most c r i t i c a l  and places the highest  require-  
ment on very large (1.0 mi l l ion  l b  or more) payload c a p a b i l i t i e s  
f o r  t h e  launch vehicle .  Past  s tud ies  i n  the area of economics 
and optimum s i z e s  of  future  launch systems have indicated t h a t  
"the largest  vehicle  i s  not  normally the nos t economical , part icu-  
l a r l y  i f  only a small number of t o t a l  f l i g h t s  a r e  required 
(approximately 100 or less )  ." 
It was concluded t h a t  launch vehicles  of the 0.7 t o  1.0 mi l l ion  
l b  payload capabi l i ty  should be  considered as the most promising 
next system for  development and operation a f t e r  SATURN V.  The 
logic  for  t h i s  conclusion i s  the economic considerations mentioned 
e a r l i e r  and the f a c t  t h a t  very la rge  vehicles  (approximately 2.0 
mi l l ion  lb payload capabi l i ty)  would requi re  extensive advances 
i n  technology and considerable time and cos t  t o  achieve. 
Figure 4 shows the launch attempts required versus probabi l i ty  
f o r  success f o r  two s i z e s  of NOVA vehicles:  F i r s t ,  a vehic le  which 
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could place a 1.5 mil l ion l b  spacecraft i n t o  o r b i t  with two success- 
f u l  launches and, second, a vehicle which could place a 1.5 mil l ion 
l b  ship in to  o r b i t  with three successful launches. The payload 
capabi l i ty  €or two packages per spacecraft would be from 900,000 
t o  approximately 1.0 mil l ion l b  per vehicle.  This would provide 
roughly a 10 percent contingency i n  the  launch vehicle  system, as 
well as take i n t o  consideration the f a c t  t h a t  each ship cannot 
be broken down i n t o  two ident ical  parts. A s i m i l a r  contingency 
was assumed i n  the case of the three packages per Mars ship.  A 
payload capabi l i ty  per launch was computed t o  be between 700,000 
and 800,000 l b .  Considering f i r s t  the two successful launches per 
Mars ship,  e ight  launches would be the minimum required t o  place 
four ships i n t o  o r b i t .  A s  can be seen i n  Figure 4 ,  the probabi l i ty  
of success would be extremely low, roughly 10 percent. 
b i l i t y  of success i l l u s t r a t e d  is  that  of successful launch, o r b i t a l  
rendezvous, docking, and checkout of the spaceship i t s e l f ,  but 
does not include launch from o r b i t  or the remainder of a manned 
Mars mission. Eight launches would, however, provide roughly a 
60 percent probabi l i ty  of success t h a t  three out of the four ships 
would be checked out in  o r b i t  and avai lable  for  launch. Due t o  
the expense, not only of the launch system and t ransportat ion,  but 
of the Mars ships,  it i s  f e l t  tha t  a 60 percent probabi l i ty  would 
be too low. Assuming t h a t  a 90 percent probabi l i ty  of 3 out of the 
4 ships  would be a minimum, then as shown i n  Figure 4 ,  11 launches 
would be required. T h i s  would also indicate  the probabi l i ty  t h a t  
a l l  of the four ships would be available for  the expedition. Using 
NOVA vehicles with 700,000 t o  800,000 l b  payload capabi l i ty ,  17 
launches would be required t o  provide the same probabi l i ty  of 
success as the 9 launches of the 1.0 mil l ion l b  capabi l i ty  NOVA. 
To provide a bare min imum manned Mars landing and re turn  capabi l i ty ,  
based on the two-ship scheme, i t  can be seen i n  Figure 5 t h a t  seven 
NOVA (1.0 mil l ion l b  capabi l i ty)  launch attempts would be required.  
This would provide a 90 percent probabili ty t h a t  two ships could be 
successfully assembled and checked out  i n  o r b i t  - - one cargo and 
one manned ship.  Such an operation would provide no gross redun- 
dancy and i s  considered by the author a t  t h i s  time t o  be too 
marginal for  consideration. Three ships a r e  considered minimum, v i z . ,  
two manned ships and one cargo ship. As shown i n  Figure 5 ,  only 
two addi t ional  launch attempts would be required to  provide the 
same probabi l i ty  of success. Such an investment is considered 
des i rab le  . 
The proba- 
Since the launch vehicles to  be used for  manned planetary 
exploration w i l l  a l s o  have other  applications,  a mission model has 
been developed i n  order t o  assess  the implications of the varied 
mission requirements for  a NOVA class vehicle.  Figure 6 i l l u s t r a t e s  
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a typical  mission model over a 10-year operational period. This 
mission model includes 3 manned planetary expeditions over the 10- 
year period. This i s  i l l u s t r a t e d  by the  t a l l  bars i n  the second 
t o  th i rd  operational year ,  f i f t h  operational year ,  and n in th  
operational year. Other missions assumed were the establishment 
and support of a 20- and 50-man lunar base, t e s t  launchings of the 
msnned Mars sh ip ,  as  well  as various o r b i t a l  operations required 
to  support the Mars ship development, and the manning of the Mars 
exploration. Since the manned Mars requirement places the most 
demanding tasks on the launch systems and f a c i l i t i e s ,  i t  has been 
assumed that  the manned lunar base launch requirements, the develop- 
mznt of the Mars sh ip ,  as w e l l  as o r b i t a l  operation f l i g h t s ,  would 
be spread over the 10 years so as  to  not coincide o r  c o n f l i c t  with 
the manned Mars expedition. A s  can be seen, these o ther  requirements, 
based on the assurptions made, do not  r e s u l t  i n  an even launch r a t e  
over the 10-year operational period. This i s  pr imari ly  because of 
the very high launch r a t e  required for  the manned Mars mission, and 
the basic assumption t h a t  the ove ra l l  accumulation of  the Mars ship 
and checkout would be acconplished within a six-month period. 
assumptions for  the l a rge r  mission model ( l a rge r  number of f l i g h t s )  
would include 3 3-ship expeditions t o  Mars, the development and 
support of  a 50-man lunar base, 3 la rge  space s t a t i o n s ,  and the 
development of the Mars ships  over a 10-year period. This would 
r e s u l t  i n  86 launches of a 1.0 mi l l i on  l b  payload capab i l i t y  NOVA 
and 114 launches of a 800,000 l b  payload capab i l i t y  NOVA. The cost  
of such a launch vehicle program, including development, f a c i l i t i e s ,  
and operational f l i g h t s  would be on the order of $15 b i l l i o n  (FY 63 
do l l a r s  in  zero i n f l a t i o n  r a t e )  thus cons t i t u t ing  a r a the r  s i ze -  
ab le  program. Even with the program of  t ha t  magnitude, the manned 
Mars mission requirements a r e  extremely c r i t i c a l .  
The 
The Mars mission launch f a c i l i t y  requirements necess i t a t e  a 
very high launch capab i l i t y  which would not be f u l l y  u t i l i z e d  by 
the remainder of the mission desirements during the ove ra l l  program. 
Based on the assumptions used, approximately one-third u t i l i z a t i o n  
w i l l  be made of the f a c i l i t i e s  over the complete 10-year period. 
LAUNCH VEHICLE SYSTEMS 
A wide range of launch vehicle  systems has been studied by 
MSFC during the pas t  three years. The following vehicle  descriptions 
w i l l  include only four of those present ly  under consideration. The 
vehicles  have been broken down i n t o  th ree  classes. Class I i s  made 
up of s t a t e  of the a r t  vehicles and i s  i l l u s t r a t e d  i n  Figure 7 .  This 
vehicle  would u t i l i z e  1 6  up-rated F-1 engines i n  the f i r s t  s tage ,  
burning l iquid oxygen and kerosene, Each of the up-rated F-1's would 
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have a sea level t h rus t  of 1.8 mil l ion l b .  The f i r s t  s t age  would 
be approximately twice the  diameter of the present  SATURN V f i r s t  
s tage.  The second s tage  would u t i l i z e  two M-1 engines, each with 
a t h r u s t  of 1.5 mil l ion l b  (vacuum), burning l i q u i d  oxygen and 
l i qu id  hydrogen. The ove ra l l  vehicle,  including the t rans tage ,  
would be approximately 240 f e e t  high. Above t h i s  mnuld be e i t h e r  
a payload which would be transported t o  o r b i t  o r  a chemical o r  
nuclear t h i rd  s tage ,  plus  payload. For o r b i t a l  f l i g h t s ,  s tud ie s  
have indicated t h a t  a transtage would be the  most des i r ab le  
solut ion f o r  f i n a l  veloci ty  vector cont ro l ,  payload a t t i t u d e  con- 
t r o l ,  rendezvous, and docking and, as shown i n  Figure 7 ,  u t i l i z e s  
s m a l l  aerozine 50/N 0 engines. The t rans tage  would a l s o  be 
u t i l i z e d  t o  house the guidance and control systems, i n s t ru -  
mentation, and telemetry f o r  f l i g h t  development. The veh ic l e  
would have the payload capabi l i ty  on the order of 750,000 l b  t o  
o r b i t  and, i f  used, would require three successful launches t o  
place the required 1.5 mi l l ion  l b  Mars sh ip  i n t o  o r b i t  with the 
contingencies m2ntioned e a r l i e r .  The vehicle  l i f t - o f f  weight 
(23 i .iillion lb)  represents a vehicle which i s  optimized f o r  o r b i t a l  
t ransportat ion with two s tages ,  plus  a t rans tage  and incorporates 
a propulsion sec t ion  recovery system. After f i r s t  s t age  burnout, 
the engines and th rus t  s t ruc tu re  with associated equipment would 
be separated from the f i r s t  s tage tank and follow a b a l l i s t i c  
t ra jec tory .  A drag parachute would be used f o r  s t a b i l i t y  during 
re-entry.  After reaching subsonic ve loc i ty ,  l a rge  parachutes 
would be deployed and j u s t  p r io r  t o  water impact r e t r o  rockets 
would be f i r e d  t o  minimize inpact ve loc i ty .  Studies have shown 
a considerable economic saving with propulsion system recovery. 
A cut-away drawing of the F-l/M-l vehicle  i s  shown i n  Figure 8. 
Numerous s tudies  have been performed on tank configurations , 
such as the mult i -cel l  tank arrangement i n  both f i r s t  and second 
s tages  shown i n  the  i l l u s t r a t i o n .  
2 4  
Figure 9 i l l u s t r a t e s  an advanced NOVA vehicle  concept f o r  
Class 11. Such a vehicle  would requi re  the  development of n e w  
engine and propulsion system concepts. This vehicle  u t i l i z e s  1.0 
mi l l ion  l b  th rus t  l iqu id  oxygen/liquid hydrogen engines with high 
combustion chamber pressure (3,000 ps i )  i n  bath stages. The f i r s t .  
s tage  would cons is t  of 18 of the engines wrapped around a zero 
length o r  up t o  10 percent length truncated,plug. Two iden t i ca l  
engines would be used i n  the  second s tage ;  however, they would 
be used as individual modules here. The advantage of t he  plug 
concept, if proven successful,  wmld be a l t i t u d e  compensation 
during f l i g h t .  In  e f f e c t ,  t h i s  gives a va r i ab le  expansion r a t i o  
and provides spec i f i c  impulse gains during the atmospheric as 
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w e l l  as vacuui portions of the ascent t ra jec tory .  This vehicle  
with i t s  approximately 14 mi l l ion  l b  l i f t - o f f  weight, incorporating 
f u l l  f i r s t  s tage recovery by parachutes, r e t r o  r o c k e t s , a n d  
water landing IS the l i g h t e s t  of the NOVA vehicles  presently under 
consideration, having 1.0 mi l l ion  l b  of payload capabi l i ty .  
Another Class I1 vzhicle ,  which is  present ly  being inves t i -  
gated i n  more d e t a i l ,  i s  i l l u s t r a t e d  i n  Figures 10 and 11. This 
i s  a two-stage t o  o r b i t  vehicle  with a f u l l y  recoverable f i r s t  
s tage.  This concept u t i l i z e s  a shaped f i r s t  s tage f o r  b a l l i s t i c  
water recovery. It incorporates 4 ,  6.25 mi l l ion  l b  t h r u s t  b e l l  
nozzle, l iquid oxygedl iquid hydrogen engines with a 3,000 p s i  
combustion chamber pressure.  Such a f i r s t  s tage would be approxi- 
mately 140 f e e t  i n  diameter and 125 f e e t  t a l l .  This f i r s t  s tage 
concept is a l s o  under study u t i l i z i n g  d i f f e r e n t  engine systems, 
i .e.,  forced def lect ion type nozzles, as w e l l  as the plug engine 
concept. Each of these other engine concepts r e s u l t s  i n  a shorter  
f irst  stage,  as well as provides advantages i n  terms of center  of 
gravi ty  location for  recovery dynamics. The vehicle  uses two M-1 
engines in  the second s tage and i s  s i z e d  for  approximately 1.0 
mi l l ion  l b  payload capabi l i ty  i n t o  a 300 naut ica l  m i l e  o r b i t .  
Figure 11 shows a cut-away view of the  vehicle.  The f i r s t  
s tage has a large spherical  oxygen tank i n  the center with a 
toroidal  oxygen tank wrapped around the l iqu id  oxygen tank. The 
f i r s t  stage would burn out a t  a ve loc i ty  of approximately Mach 5 
to  6 and the re-entry environment for  the f i r s t  s tage  would be 
such t h a t  no heat protect ion would be required for  the alluminm 
type s t ructure .  
subsonic veloci ty  and r e t r o  rockets are included i n  tk nose of 
the f i r s t  s tage to  reduce the landing ve loc i ty  p r i o r  t o  water 
impact. Weight has been assumed f o r  s a l t  water protect ion of the 
overa l l  stage, although i t  wmld not  be required f o r  the re-entry 
environment. The vehicle  f i r s t  s tage would f l o a t  up-right with 
only 15 t o  20 percent of the nose being submerged i n  the water. 
Such a configuration would keep the engine and c r i t i c a l  elements 
of the stage high above the ocean surface,  thus protect ing them 
from the very h o s t i l e  environment. The s tage would be returned 
t o  a refurbishment and checkout s i t e  p r i o r  t o  re-launch. 
Parachutes would be deployed a f t e r  reaching 
Figure 1 2  shows a f l i g h t  p r o f i l e  of a Class I11 NOVA concept. 
T h i s  vehicle, an advanced unconventional system, u t i l i z e s  a i r -  
augmentation during the atmospheric port ion of the ascent tra- 
jectory.  A i r  i s  taken i n  and mixed with the rocket  exhaust during 
the ear ly  portion of the atmospheric f l i g h t  as i l l u s t r a t e d  i n  
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View 1 of Figure 1 2 .  After leaving the sens ib le  atmosphere the 
mixing r ing  is je t t i soned  as shown i n  V i e w  2 .  After  achieving 
o r b i t a l  ve loc i ty  the conical payload i s  separated a s  shown i n  
View 3 .  The s tage  e f f ec t s  a r e t ro  maneuver as  i l l u s t r a t e d  i n  
View 4 and re-enters  b a l l i s t i c a l l y  a s  shown i n  View 5 .  By the 
use of la rge  parachutes and r e t ro  rockets ,  the vehic le  w i l l  be 
landed i n  the water as  i l l u s t r a t e d  i n  View 6 .  
A view of the Class 111 concept i s  shown i n  Figure 13. I t  
is  bas i ca l ly  a s ingle-s tage t o  o rb i t  vehicle  u t i l i z i n g  l iqu id  
oxygen and hydrogen as  propel lant  with air-augmentation. 
numerous configurations a r e  possible,  the one i l l u s t r a t e d  i s  
considered representat ive and employs a la rge  l i qu id  hydrogen 
tank i n  the r ea r  port ion of the vehicle .  The toro ida l  l iqu id  
oxygen tank with a plug type c lus te r  of s m a l l  engines a r e  
wrapped around the periphery of the veh ic l e .  A conical  payload 
is  shown s ince  i t  provides good i n l e t  aerodynamics. The lower 
half  of the f igure  i l l u s t r a t e s  the configurat ion during aerodynamic 
ascent  with the a i r  i n l e t  coming in to  a mixing chamber a t  the exhaust 
plane of the engine nozzle. In the mixing chamber a f t  of the engine 
the intake a i r  i s  mixed with the rocket exhaust, thus providing 
th rus t  a s  well  a s  spec i f i c  impulse augmentation. Additional t rade-  
o f f s  a r e  being made for  pure mixing, p a r t i a l  mixing and burning as 
w 2 l l  as t r u e  af ter-burner  type concepts. Although addi t iona l  
t h r u s t ,  as  well  a s  spec i f i c  impulse augmentation can be obtained 
by burning r a the r  than mixing, a much grea te r  design problem 
mnst be solved i n  order t o  t a k e  advantage of the addi t iona l  gain.  
Design and performance d a t a  presently ava i lab le  ind ica te  t h a t  pure 
mixing of the rocket exhaust gases with the intake a i r  would be 
s u f f i c i e n t  t o  make the performance of the concept a t t r a c t i v e .  The 
mixing r ing  would be je t t i soned  and the a i r  i n l e t  duct closed a t  
approximately Mach 6 and the vehicle would have the configuration 
shown i n  the upper half  of Figure 13 during the remainder of the 
ascent  t r a j e c t o r y .  Very high expansion r a t i o s  can be obtained by 
such a configurat ion,  thus providing very high spec i f i c  impulses 
fo r  the l i qu id  oxygen/liquid hydrogen rocket engine systems. 
Although 
Figure 14 presents  nominal t ra jec tory  data  on the Class 111 
concept. The average spec i f i c  impulse over the complete ascent  
t r a j e c t o r y ,  as shown, would be approximately 500 seconds. 
Figure 15 shows the t o t a l  cost f o r  launch f a c i l i t i e s  and 
operation f o r  various types of vehicles and includes development, 
as  wel l  a s  the operational portion of the overal l  launch systems 
l i f e t ime .  A s  can be seen, the launch r a t e  capabi l i ty  designed 
i n t o  the At l an t i c  Missi le  Range (AMR) f a c i l i t y  has a dynamic 
influence on the overa l l  AMR cost .  A s  was shown i n  Figure 6 ,  
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approximately 86 launch attempts would be required t o  s a t i s f y  the 
numerous missions f o r  the NOVA vehicle  over a 10-year period. If  
launch f a c i l i t i e s  were constructed t o  s a t i s f y  the 86launches over 
the  10-year period on a leve l  launch ra te  b a s i s ,  a capab i l i t y  of 
some 4 launches per 6 months would be required.  A s  can be seen,  
the t o t a l  AMR cos t  fo r  such a constant launch r a t e  would be on the 
order of 1.5 b i l l i o n  d o l l a r s .  However, t o  s a t i s f y  the  manned 
Mars mission, as assumed, a launch capab i l i t y  of some 1 2  launches 
i n  a 6 month period would be required f o r  a 1 . 0  mi l l i on  l b  pay- 
load capabi l i ty  NOVA. The requirement would r a i s e  the t o t a l  AMR 
cos t  t o  roughly 2 .5  b i l l i o n  d o l l a r s  o r  impose a 1 .0  b i l l i o n  
d o l l a r  increase fo r  AMR cos t .  This would represent approximately 
seven t o  e ight  percent of the t o t a l  NOVA launch vehicle  system 
cos ts  t o  s a t i s f y  the manned Mars mission high launch r a t e  requi re -  
ments. 
LAUNCH VEHICLE SYSTEM COST TRENDS 
I n  summary, Figure 16 shows trends of launch vehicle  cos t  
parameters f o r  various c lasses  of vehic les .  Definit ions of Class 
I ,  11, and 111 vehicles are: 
Class I - F - 1 ,  M - 1  engines with recoverable f i r s t  s tage  
propulsion sec t ion .  
Class 11- Two-stage t o  o r b i t  pure rocket system with a 
f u l l y  recoverable f i r s t  s tage.  
Class 111-An unconventional s ingle-s tage t o  o r b i t  f u l l y  
recoverable system u t i l i z i n g  air-augmentation. 
Each of the c lasses  a r e  presented i n  terms of t h e i r  operational 
a v a i l a b i l i t y  and a r e  1974, plus  o r  minus one year; 1977, minus 
one plus two years; and 1979, minus one year plus two years ,  
respectively.  The implementation cos t  which includes research 
and development, f a c i l i t i e s ,  and GSE range from 5 .5  b i l l i o n  dg l l a r s  
f o r  Class I t o  approximately 8.0 b i l l i o n  d o l l a r s  f o r  Class 111. 
d i r e c t  and t o t a l  operational cos t  f o r  each of the c l a s ses  of vehicles 
a r e  given f o r  two program levels.  The d i r e c t  c o s t  would be the 
cos t  necessary t o  procure, tes t ,  checkout, and launch a developed 
vehic le .  The t o t a l  cos t  includes the amortization of the implemen- 
t a t i o n  cost  over the operational period, i . e . ,  i n  the case of Class I 
the amortization of 5.5 b i l l i o n  d o l l a r s  over 100 launch attempts 
during the 10-year period. 
vehicles  gives the d i r e c t  and t o t a l  cos t  f o r  100 NOVA launch a t t e m p t s  
over a 10-year period. 
The 
The l e f t  bar f o r  each of the classes of 
A s  shown f o r  a program of t h i s  magnitude, 
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(12 t o  15 b i l l i o n  d o l l a r s ) ,  the Class I o r  e a r l i e r  vehicle  i s  the 
most a t t r a c t i v e  from an economic standpoint. Not only would i t  be 
the  l e a s t  expensive system, but i t  would a l s o  be ava i l ab le  much 
e a r l i e r .  The r i g h t  bar fo r  each class  i l l u s t r a t e s  the cos t  associ-  
a ted  with a program approximately f o u r  times as la rge ,  i . e . ,  400 
f l i g h t s  over a 20-year per iod.  Such a program would r e s u l t  i n  approxi- 
mately a 30 b i l l i o n  do l l a r  expenditure f o r  launch vehicle  systems. 
One f ac to r  t h a t  has not been included i n  Figure 16 i s  the cos t  assoc i -  
a ted  with postponing the ava : lab i l i ty  of the NOVA capab i l i t y ,  i . e . ,  
what cos t  should be s e t  es ide  f o r  the l a t e r  a v a i l a b i l i t y  of a NOVA 
and the mission c a p a b i l i t i e s  which it  would provide the U.S. 
CONCLUSIONS 
After numerous s tudies  i n  the majority of the areas associated 
with manned Mars expeditions, a large number of conclusions can be 
drawn. No attempt w i l l  be made here, however, t o  do s o .  On the 
bas i s  of the b r i e f  da ta ,  and t h i s  paper, a few h ighl ights  i n  the 
a rea  of conclusions can, however, be s t a t e d ,  as w e l l  as several  
c r i t i c a l  o r  problem areas  t h a t  r e l a t e  t o  the overa l l  system 01 
mission. It should be understood t h a t  no attempt has been made 
t o  l i s t  a l l  o r  even c r i t i ca l  problem areas associated with tech- 
nology o r  research, r e l a t i v e  t o  elements of the ove ra l l  manned Mars 
expedition system. Some conclusions and remarks r e l a t i v e  t o  problem 
areas are l i s t e d  below: 
1. A launch vehicle  of the NOVA c l a s s  i s  technical ly  
f eas ib l e  and could accommodate the manned Mars mission, as defined, 
o r  of the order indicated.  
2 .  The development time fo r  NOVA w i l l  be from 7 t o  9 
years a f t e r  system d e f i n i t i o n  and program approval. This would 
y i e l d  an operational system by around 1974, fo r  a s t a t e  of the a r t  
configuration, o r  an advanced unconventional configuration by 
around 1979. 
3 .  In order t o  j u s t i f y  a NOVA vehic le ,  one o r  m o r e  of 
the following requirements w i l l  probably have t o  n-a t e r i a l i z e :  
a .  A l a rge  lunar base. 
b.  Manned planetary landings and/or exploration. 
c. Large c i v i l i a n  and/or m i l i t a r y  o r b i t a l  operations. 
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4 .  O f  a l l  the missions studied t o  da te ,  the manned 
planetary i s  the most complex and the .nost demanding on the launch 
vehicle .  From the overal l  mission standpoint,  i t  i s  considered 
necessary, however, to  accept addi t ional  complexities i n  the 
launch vehicle t o  simplify the t o t a l  mission. 
5 .  The t ransportat ion cos t  to de l iver  a Mars expedition 
i n t o  o r b i t  w i l l  range from 0.75 b i l l i o n  d o l l a r s ,  assuming a very 
large overall  NOVA program, to  1.5 b i l l i o n  for  a la rge  (100 launch) 
NOVA program. I t  w i l l  probably be closer  to  1.5 b i l l i o n  d o l l a r s  
unless we send a l o t  of people t o  Mars. This does not  include the 
development of the Mars ships o r  t h e i r  procurement along with spares 
and assumes a l o t  of other people use NOVA. 
I 6.  Two c r i t i c a l  problems from the launch vehicle  systsm 
standpoint are: 
a.  Definit ion of Mars ships (wt., vol., e t c . ) .  
b. Total time allowable t o  accumulate ships i n  o r b i t .  
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TYPICAL TRAJECTORY1 FLIGHT MODE FOR MANNED MARS MISSION 
Figure 1 
Figure  2 
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Figure 3 
FOUR-SPACECRAFT MISSION 
- PKG./SPACECRAFT 
Figure 4 
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NOVA LAUNCH REQUIREMENTS FOR MANNED MARS MISSION 
NOVA : 1,000,000 LB. PAYLOAD CAPABILITY 
DETAIL€D 
lor 
1 ' 2 I 3 l 3  
Figure 5 
MISSION MODEL 
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Figure 6 
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CATEGORY B VEHICLE DATA 
A 
4 TRANSTAGE ENGINES 1 ,@.02 M LB. THRUST EA. 
AEROZINE 50/N204 r H  
1.5 M LB. THRUST EA. 
--l6 4 67.5 le F-l’S@1.8 M LB. 
FT. THRUST EA. 
LOJRP-1 
Figure 7 
PAYLOAD 
TO 225 KM 810,000 LB. 
TO 569 KM 740,000 
T2 3,000,000 
T/W .77 
GW 23,040,000 
W2 3,871,000 
Ti 28,800,000 
T/W 1.25 
CATEGORY B 
Figure a 
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TANDEM STAGE (T; HP, HP; 1.0) 
ENGINES 
PROPELLANT MASS 
FRACTION 
LAUNCH WEIGHT (LB) I 
LIFTOFF WElGHT/PAYLOAD I 
WFICUT 
VEHICLE RELIABILITY 
(BEST ESTIMATE) . 
Figure 9 
CATEGORY J VEHICLE DATA 
4 
4 TRANSTAGE ENGINES 
a . 0 2 8 5  M LB. THRUST 
AEROZINE 50/N204 
2 M-1 ENGINES@ 
1.5 M LB. THRUST EA. I 126tT. w L O 2 / L H 2  
4 ENG.@ 6.25 M LB. 
k-13’ FT.4 THRUST EA. 
TO 
EA. TO 
w 2  
T2 
T/W 
GW 
TI 
T/W 
PAYLOAD 
225 KM 1,120,000 
569 KM 990,000 
4,445,000 
3,000,000 
20,188,000 
25,000,000 
.72 
1.25 
LB. 
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CATEGORY J 
Figure 11 
RENOVA - LAUNCH & RECOVERY 
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SINGLE STAGE TO ORBIT RENOVA 
I- 
RENOVA NOMINAL TRAJECTORY 
Wo = 20,000 X I O 6  LB 
A I R B R E A T H E R  TO M A C H = 6 . 2 6 7  
END A I R B R E A T H I N G 1  r T H R O T T L E  TO 
v) 
1 ‘ O o 0 r  
500r 1 
0 40 80 120 160 200 240 280 320 360 
TIME- SECONDS 
Figure 14 
4.6 
4.4 
4 . 2  
4 0  
3 8  
3 .6  
3 .4  
3 . 2  
3 .0  
2.8 
2 . 6  
2 . 4  
2 . 2  
2 . 0  
1.8 
6 7 8 9 10 1 1  12 13 14 15 16 17 18 
1.6 
Code 
_ -  
0 
El 
Planned Launches i n  6 ma 
Total AMR Costs - Hybrid Concept 
Vehicle 
F u e l  Stage 
( N - 1 )  Qty (10') 
s 2 1 0  
1 
LHZ 1 1 / 2  1.0 
2 
R P - 1  2 1.0 
RP-1 2 0.8 
Figure 15 
I Note: Solid (S )  does not  in -  I 
clude propellant c o s t s .  
NOVA TRENDS 
CLASS 111 CLASS I CLASS I1 
CY 1974 75 76 77 78 79 80 
OPERATIONAL AVAILABILITY 
Figure 16 
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THE NERVA ENGINE PROGRAM 
By L e s t e r  C. Corr ington  
Space  Nuclear  P ropu l s ion  Office, Cleveland Extension 
THE NERVA ENGINE PROGRAM 0 
By Lester C. Corrington 
Space Nuclear Propulsion Office, Cleveland Extension &k 
INTRODUCTION 
The objective of the NERVA engine program i s  the development of a nuclear 
rocket engine f o r  use i n  space missions. The l e t t e r s  N E R V A mean Nuclear 
Ehgine f o r  Rocket Vehicle Application. NERVA i s  a long-range program that had 
i ts  beginning i n  about 1955 when t h e  Los Alamos S c i e n t i f i c  Laboratory began pre- 
l iminary s tudies  on the  f e a s i b i l i t y  of thermal reac tors  f o r  rocket appl icat ion.  
A t  about t h e  same time, t h e  Livermore Laboratory began parallel s tud ies ,  but t h i s  
dual e f f o r t  was discontinued about a year later. 
Los Alamos invest igated meta l l ic  and graphite reactors  and came t o  the con- 
clusion that graphite offered more promise f o r  early reactor  development. 
quently, they  narrowed t h e i r  s tud ies  t o  graphite reactors ,  and t h i s  work has 
culminated i n  t h e  bui lding and t e s t i n g  of several  reac tors .  
of reactors  were b u i l t ,  and they  are known as K i w i  A and K i w i  B reac tors .  
K i w i  A reactors  were  primarily test  reactors  for the invest igat ion of f u e l  ele- 
ments. The K i w i  B reac tor  was t o  be of a concept adaptable f o r  f l i g h t ,  and t h e  
NERVA engine is  based on t h e  Kiwi B concepts. 
based on t h e  K i w i  B concepts, and a jo in t  off ice  representing both the NAS4 and 
t h e  Atomic Energy Commission ms s e t  up f o r  t h i s  purpose. 
Office is  known as t h e  Space Nuclear Propulsion Office and is located a t  AEC 
Headquarters i n  Germantown, Maryland. It is  managed by M r .  H. B. Finger. 
t h e  Westinghouse E l e c t r i c  Corporation, was selected t o  car ry  out t h e  development 
of t h e  NERVA engine, and t h e i r  a c t i v i t y  began i n  mid-1961. Aerojet was made t h e  
prime contractor  with respons ib i l i ty  f o r  t h e  complete engine development program, 
and Westinghouse was made a pr inc ipa l  subcontractor with respons ib i l i ty  f o r  t h e  
development of t h e  reac tor .  
Propulsion Office, was set up t o  manage this development program. This o f f i c e  
is  located i n  Cleveland because of t h e  a v a i l a b i l i t y  of technica l  backup a t  t h e  
Lewis Research Center. 
Conse- 
Two pr inc ipa l  ty-pes 
The 
I n  1960 t h e  NASAmade t h e  decision t o  i n i t i a t e  the development of an engine 
This j o i n t  AEC-NASA 
I n  1961 a n  i n d u s t r i a l  contractor team, the Aerojet-General Corporation and 
A government f i e l d  off ice ,  t h e  Cleveland Extension of t h e  Space Nuclear 
KIWI REACTORS 
Description of K i w i  Reactors 
Figure 1 shows a diagrammatic cross  section of t h e  K i w i  B reactor .  It con- 
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sists of a homogeneous graphite core surrounded by an insu la t ing  graphite s h e l l ,  
a beryllium r e f l e c t o r ,  and 1 2  rotating-type control  drums located i n  t h e  re f lec-  
t o r .  The reactor  i s  contained i n  an aluminum pressure vessel t o  which is mounted 
a propellant-cooled nozzle. I n  operation, t h e  liquid-hydrogen propellant enters  
a manifold a t  t h e  nozzle exit ,  passes through t h e  coolant passages of the  nozzle, 
through the r e f l e c t o r ,  through t h e  core where it i s  heated, and then out through 
t h e  nozzle t o  produce thrus t .  
The core is simply a graphite heat exchanger t h a t  is  heated by nuclear f is-  
s ion t h a t ,  i n  tu rn ,  heats  t h e  hydrogen t h a t  flows through t h e  coolant passages. 
The diameter of t h e  core i s  36 inches and t h e  length is 5 2  inches. A t  t h e  design 
point t h e  core de l ivers  1120 thermal megawatts t o  t h e  hydrogen, and t h e  average 
e x i t  gas temperature from t h e  core i s  4090' R. These operating conditions repre- 
sen t  a major extension from t h e  current state of t h e  art. 
The core  i s  made up of a la rge  number of graphi te  f u e l  elements loaded with 
enriched uranium. U s  Alamos invest igated severa l  d i f f e r e n t  concepts of f u e l  
elements and t h e  i n t e r e s t  is  now centered around t h e  concept shown i n  f igure  2. 
I n  t h i s  concept, known as t h e  K i w i  B-4 concept, t h e  core is  made up of simple 
hexagonal f u e l  elements, each with 19 coolant holes. I n  cross sect ion,  t h e  
hexagon i s  0.75 inch across f la ts ,  and t h e  coolant holes are approximately 0.095 
inch i n  diameter. 
a mixture of uranium oxide, graphite f l o u r ,  and a binder. After extrusion, they 
were baked by a process which graphi t ized t h e  e n t i r e  element and changed t h e  
uranium oxide t o  uranium carbide. Because of problems involving a hydrolysis 
reac t ion  when uranium carbide i s  exposed t o  a i r  containing moisture, a new load- 
ing concept has been developed, which i s  i l l u s t r a t e d  i n  f i g u r e  3. S m a l l  spheres 
of uranium carbide about 0.002 t o  0.005 inch i n  diameter a r e  coated with pyro- 
l y t i c  graphite t o  a coating thickness of about 0.001 inch. The pyrolyt ic  graph- 
i t e  provides a very dense and impervious coating t h a t  pro tec ts  t h e  uranium car- 
bide f r o m  contact with t h e  atmosphere and thereby prevents t h e  hydrolysis reac- 
t i o n .  These s m a l l  be&& a r e  mixed with graphite f l o u r  and a binder and are ex- 
truded and then graphitized t o  form t h e  f u e l  elements. 
I n  i n i t i a l  experiments, these f u e l  elements were extruded with 
A t  the design operating temperature of these  f u e l  elements, there  i s  a re -  
ac t ion  between t h e  hydrogen propel lant  and t h e  graphite. The hydrogen combines 
with carbon t o  form v o l a t i l e  hydrocarbons such as methane. To surmount t h i s  
problem, a coating has been developed f o r  l i n i n g  each coolant passage. This 
coating i s  niobium carbide. It i s  applied by a vapor-deposition process t o  a 
thickness of about 0.002 inch, and i n  laboratory t e s t s  it has performed with 
reasonable success. This development of a good coating has been a major accom- 
plishment i n  t h e  program. 
The f u e l  elements are assembled i n t o  c l u s t e r s  of seven f o r  i n s t a l l a t i o n  i n  
t h e  reactor,  as i l l u s t r a t e d  i n  f igure  4. Six uranium-loaded elements are placed 
around the c e n t r a l  element that i s  made of unfueled graphite. This c l u s t e r  of 
elements is  supported i n  t h e  reac tor  by a meta l l ic  t i e  rod t h a t  extends a x i a l l y  
pyrolytic graphit$;for insu la t ion  purposes and then with a t h i n  s t a i n l e s s -  
Low-temperaturshydrogen coolant passes through t h e  annular space be- 
I through a hole i n  the  c e n t r a l  element. This hole i n  the  c e n t r a l  element i s  l ined 
s t e e l  tube f o r  re ten t ior fof  t h e  pyrolyt ic  graphi te  i n  case of delamination or 
fI&king. 
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tween t h e  s t a i n l e s s - s t e e l  tube and t h e  t i e  rod. 
Figure 5 shows a cutaway view of t h e  fuel-element c lus te r .  A t  the  hot end 
i s  an unfueled graphite block t h a t  has t h e  same externa l  shape as t h e  seven- 
element c lus te r .  
ported by t h e  cooled meta l l ic  t i e  rod t h a t  extends t h e  e n t i r e  length of t h e  
c l u s t e r .  This t i e  rod is i n  t u r n  supported by a core support p l a t e  at the i n l e t  
end ( co ld  end) of the  reac tor  core. 
t a ined  at  the  cold end by a meta l l ic  c lus te r  p l a t e  that makes provision f o r  in -  
s t a l l a t i o n  of o r i f i c e s  i n  each of t h e  fuel-element flow passages. 
The f u e l  elements r e s t  on t h i s  graphite block, which i s  sup- 
The fue l  elements i n  t h e  c l u s t e r  a r e  re- 
A cross sec t ion  of a K i w i  B-4 reactor  i s  shown i n  f igure  6. The core con- 
sists of about 260 of t h e  seven-element c lus te rs  i l l u s t r a t e d  i n  f igure  5, and 
these c l u s t e r s  a r e  mounted t o  t h e  aluminum core support p l a t e  by t h e  t i e  rods as 
i l l u s t r a t e d .  The core i s  surrounded by a graphite b a r r e l ,  and t h i s  b a r r e l  pro- 
vides t h e  mounting f o r  t h e  core l a t e r a l  support system. This system keeps t h e  
f u e l  elements t i g h t l y  bundled together t o  prevent hydrogen from flowing between 
them and t o  support t h e  e n t i r e  core against  excessive l a t e r a l  movement. It con- 
sists of a s e r i e s  of graphite s t r i p s  t h a t  run t h e  f u l l  length of t h e  core t h a t  
a r e  faced with a layer  of pyrolyt ic  graphite f o r  insu la t ing  purposes. These 
graphite s t r i p s  are loaded against  t h e  core periphery by meta l l ic  springs mounted 
i n  t h e  graphite b a r r e l .  
Also i l l u s t r a t e d  i n  f igure  6 are t h e  control rods mounted i n  t h e  beryllium 
r e f l e c t o r .  These control  rods a r e  made of beryllium cylinders about 4 inches i n  
diameter with shee ts  of bora1 covering about 120' of' t h e  circumference. 
t r o l  rods are r o t a t e d  by external ly  mounted actuators .  
The con- 
K i w i  Reactor Tests t o  Date 
A t o t a l  of s ix  K i w i  reac tors  have been t e s t e d  up t o  t h e  present time by Los 
Alamos a t  t h e  t e s t  s i t e  i n  Nevada. The f i r s t  th ree  were of t h e  K i w i  A type and 
were run primari ly  for  t h e  invest igat ion of fuel-element concepts. The f u e l  
elements were operated a t  near t h e  design point temperature but at a power l e v e l  
of only about 100 megawatts. The propellant (coolant)  used i n  these i n i t i a l  
t e s t s  was ambient-temperature gaseous hydrogen. 
The next two reac tor  t e s t s  were of a K i w i  B-1 design t h a t  had a fuel-element 
concept s u b s t a n t i a l l y  d i f f e r e n t  from the  one i l l u s t r a t e d  i n  f igure  2. The f i r s t  
of t h e  K i w i  B-1 reac tors  w a s  operated at near t h e  design-point temperature and at 
a power l e v e l  of about 250 megawatts and was a l s o  cooled with gaseous hydrogen. 
The second of t h e  K i w i  B-1 s e r i e s  represented t h e  f i r s t  reactor  t e s t  i n  which 
l i q u i d  hydrogen w a s  used as t h e  propellant.  
countered i n  t h e  two-phase flow regime during t h e  s ta r tup .  
temperatures and power l e v e l s  near t h e  design point f o r  a very b r i e f  period of 
time, but t h e  core was damaged extensively during t h e  run. 
Serious flow i n s t a b i l i t i e s  were en- 
The reactor  a t t a i n e d  
The first and so far t h e  o n l y t e s t  of the K i w i  B-4 type reac tor  ( t h e  type 
t h a t  appears t o  be of most i n t e r e s t  for  the  NERVA engine) was run i n  December of 
1962. The propellant used f o r  t h i s  t e s t  was l i q u i d  hydrogen, as i n  t h e  last K i w i  
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B-1 test .  Through p r io r  modifications t o  t h e  propel lant  system, t h e  hydrogen in-  
s t a b i l i t y  problem t h a t  had been experienced previously was  overcome, and t h e  hy- 
drogen f l o w  during t h e  K i w i  B-4 tes t  appeared t o  be very smooth and s teady 
throughout t h e  e n t i r e  tes t .  
During t h e  K i w i  B-4 t e s t ,  t h e  r eac to r  power was brought up t o  a l e v e l  of 
about 250 megawatts at  which point  it was held f o r  about a minute f o r  ca l ib ra t ion  
of nuclear instrumentation. The core temperature a t  t h i s  hold point was about 
2500' R. Following th i s  hold, an  attempt w a s  made t o  go up t o  t h e  design-point 
temperature and power l eve l ,  but ind ica t ions  of core damage r e su l t ed  i n  t h e  r e -  
a c t o r  being shut down considerably shor t  of i t s  design-point goals. Disassembly 
of t h e  core revealed subs t an t i a l  breakage of f u e l  elements, although t h e  t i e  rod 
support system was  e s s e n t i a l l y  i n t a c t .  Analysis of t h e  f a i l u r e  has indicated 
t h a t  t h e  probable cause was a lack of adequate l a t e r a l  support of t h e  core by t h e  
lateral support system. Loads r e s u l t i n g  from core v ibra t ion  apparently caused 
considerable breakage of f u e l  elements. The lateral  support system has s ince  
been redesigned i n  an  attempt t o  overcome th i s  v ib ra t ion  problem. 
NERVA ENGINE 
Description of NERVA Reactor 
The reactor  for t h e  NERVA engine is  based on t h e  concept of t he  K i w i  B-4 re- 
ac to r ,  but with a number of changes i n  design t o  make it suitable for withstand- 
ing  f l i g h t  loads  and t o  incorporate a sh ie ld  f o r  the pro tec t ion  of engine compo- 
nents and the propellant i n  t h e  s tage  tank aga ins t  nuclear rad ia t ion .  Figure 7 
shows a cross sec t ion  of the  major elements of t h e  NERVA engine r eac to r  design as 
it e x i s t s  a t  t h e  present time. The core i s  composed of t h e  seven-element clus- 
ters  supported i n  t h e  same manner as i n  t h e  K i w i  B-4 reac tor .  The l a t e r a l  sup- 
por t  system has been redesigned t o  overcome t h e  core-vibration problem exper- 
ienced i n  K i w i  B-4 and t o  support t h e  core aga ins t  lateral  acce lera t ions  of up t o  
4 g ' s  t h a t  may be experienced i n  ground handling and i n  f l i g h t .  
The shield i n  t h e  NERVA r eac to r  i s  contained e n t i r e l y  within t h e  r eac to r  
pressure vessel .  It i s  designed f o r  an ove ra l l  energy a t tenuat ion  of about 10, 
and center l ine  measurements show a gamma-flu a t tenuat ion  of about 20 and a 
neutron-flux a t tenuat ion  of about 140. 
l a rge  number of s t a in l e s s - s t ee l  tubular  capsules mounted a x i a l l y  very c lose ly  
together  and f i l l e d  with l i thium hydride and borated s t a i n l e s s  steel. The pro- 
pe l l an t  f l o w  path f o r  t h i s  r eac to r  i s  similar t o  that of t h e  K i w i  B-4 r eac to r  
except t h a t  t h e  f u l l  propel lant  flow passes through t h e  sh i e ld  f o r  cooling pur- 
poses before it en te r s  t h e  reac tor  core. 
The s h i e l d  cons is t s  e s s e n t i a l l y  of a 
The NERVA reac tor  program i s  s t rongly  or ien ted  toward research and develop- 
ment t e s t i n g  of components p r i o r  t o  fu l l - s ca l e  r eac to r  tests. This component 
development program i s  underway at t h e  present time, and t h e  first fu l l - sca l e  
hot t e s t  of a NERVA r eac to r  i s  scheduled f o r  e a r l y  next year. Fabricat ion of t h e  
long-lead-time pa r t s  f o r  t h i s  r eac to r  is  now underway a t  Westinghouse. This t es t  
w i l l  be followed with t e s t s  of add i t iona l  r eac to r s  a t  about 3-month in te rva ls .  
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Description of NERVA Engine 
A schematic representa t ion  of t he  flow system f o r  t h e  NERVA engine is shown 
in figure 8. This engine is based on t h e  so-called "hot-bleed'' cycle. 
cycle, l i q u i d  hydrogen flows from t h e  propellant tank i n t o  t h e  pump where t h e  
pressure is  r a i s e d  t o  about 1000 pounds per square inch. 
t h e  coolant passages i n  t h e  nozzle, through the  r e f l e c t o r ,  through t h e  r ad ia t ion  
sh ie ld ,  through t h e  r eac to r  core, and out through t h e  nozzle. A small port ion of 
t h e  hot hydrogen i s  bled off  a t  t h e  i n l e t  t o  t h e  nozzle, i s  mixed with cold hy- 
drogen from t h e  nozzle coolant tubes t o  reduce i t s  temperature t o  a safe l e v e l  
f o r  t h e  turb ine ,  and i s  then ducted t o  t h e  turbine t h a t  dr ives  t h e  pump. 
discharge from t h e  turbine i s  ducted t o  t w o  swivelable nozzles t h a t  are used f o r  
vehicle  roll control .  
I n  t h i s  
It then flows through 
The 
A f u l l - s c a l e  mock-up of t h e  NERVA engine i s  shown i n  f igu re  9. The turbo- 
pump i s  mounted within t h e  thrust s t ruc tu re  j u s t  above t h e  reactor .  Liquid hy- 
drogen flows from t h e  propel lant  tank down through t h e  i n l e t  l i n e  t o  t h e  turbo- 
pump, through an ex terna l  l i n e  t o  the  nozzle, through t h e  nozzle coolant tubes, 
and then through t h e  i n t e r n a l  p a r t s  of t h e  reactor  and out through t h e  nozzle. 
A hot-gas bleed l i n e  leads from t h e  nozzle i n l e t  t o  t h e  turbine,  and t h e  e x i t  gas 
from t h e  turb ine  flows out through the  two ro l l -cont ro l  nozzles. 
The e n t i r e  engine is  gimbaled about a point i n  t h e  i n l e t  l i n e  t o  t h e  pump. 
The spheres near the  One of t h e  gimbal actuators  i s  v i s i b l e  i n  the photograph. 
top  of t h e  engine contain high-pressure hydrogen gas f o r  ac tua t ion  of various de- 
v ices  p r io r  t o  and during t h e  boots t rap start of t h e  engine. 
t h e  1 2  control-drum ac tua tors  at t h e  top  end of t h e  reac tor .  
of t h e  engine, as i l l u s t r a t e d ,  is  about 23 f ee t .  
Also v i s i b l e  are 
The o v e r a l l  length 
Performance Goals 
The following design-point operating conditions have been establ ished as t h e  
i n i t i a l  goal  : 
Reactor thermal power del ivered t o  propellant,  Mw . . . . . . . . . . . . .  1120 
Average reac tor -ex i t  gas temperature, OR . . . . . . . . . . . . . . . . .  4090 
Reactor-core-exit pressure,  lb/sq in .  . . . . . . . . . . . . . . . . . . .  550 
Hydrogen flow rate, lb/sec . . . . . . . . . . . . . . . . . . . . . . . . .  75 
Thrust, l b  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  55,600 
Overall  system spec i f i c  impulse, sec . . . . . . . . . . . . . . . . . . . .  750 
Operating time at  f u l l  power (with two restar ts) :  min . . . . . . . . . . . .  20 
Engine weight, l b  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  14,500 
%he operating time goal  f o r  development engines i s  60 min t o  permit t h e  t e s t i n g  
of each engine several times. 
Development Program 
A program i s  now underway f o r  the  i n i t i a l  development f o r  f e a s i b i l i t y  evalua- 
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t i o n  purposes of  a l l  t h e  p r inc ipa l  components of t h i s  engine. The r eac to r  rep- 
r e sen t s  the main component and probably t h e  most d i f f i c u l t  development problem i n  
t h e  e n t i r e  engine. Other components t h a t  appear t o  present major problems a r e  
t h e  turbopump, t h e  nozzle, and t h e  cont ro l  system. 
The turbopump w i l l  consis t  of a single-stage cent r i fuga l  pump driven by a 
The bearings will not be lubr ica ted  but w i l l  be two-stage ax ia l - f low turbine.  
cooled by l i qu id  hydrogen. 
thrust-balancing piston. 
ment of hydrogen-cooled bearings t h a t  a r e  r e s i s t a n t  t o  nuclear rad ia t ion .  
Axial loads on t h e  bearings w i l l  be l imi ted  by a 
A s ign i f i can t  problem i n  the  turbopump is  t h e  develop- 
The nozzle will be of  t h e  conventional tubular  construction, but because it 
has a very high contract ion r a t i o  from t h e  point of attachment t o  t h e  pressure 
ves se l  down t o  t h e  t h r o a t ,  it incorporates a heavy pressure she l l .  S igni f icant  
problems i n  t h e  nozzle are t h e  high heat-flux rates i n  t h e  nozzle t h r o a t  ( twice 
as high as i n  chemical rocket engines) and a d i f f i c u l t  f ab r i ca t ion  problem be- 
cause of the requirement of a heavy pressure s h e l l .  
I n  the engine cont ro l  system, t h e  r eac to r  power w i l l  be control led by neu- 
t r o n  f l u x  sensors with a reactor-exi t  temperature trim. 
be control led by pressure sensors t h a t  measure t h e  reac tor -ex i t  pressure.  Sig- 
n i f i c a n t  problems i n  the  cont ro l  system include t h e  development of temperature 
sensors tha t  w i l l  operate above 4000' R, t h e  development of adequate neutron de- 
t e c t o r s ,  and t h e  development of pressure sensors,  wiring harnesses,  and other  
components t o  operate r e l i a b l y  i n  a high f l u x  r ad ia t ion  f i e l d .  
The propel lant  f low w i l l  
Another s ign i f i can t  problem i n  t h e  design of t h e  J!JERVA engine and i t s  sup- 
port ing equipment a r i s e s  from t h e  f a c t  t h a t  once an engine has been run it i s  
highly radioactive.  The engine must be designed i n  such a way t h a t  maintenance, 
disassembly, and reassembly operations can be done remotely, and remote-handling 
equipment must be designed t o  perform these  functions.  
represent  a problem for f l i g h t  engines, because these  engines w i l l  not be oper- 
a t ed  p r io r  t o  f l i g h t ,  it represents  a major problem f o r  development engines be- 
cause of the requirement f o r  repeated t e s t s  on each engine. 
Although t h i s  does not 
The date f o r  t h e  first tes t  of t h e  engine assembly w i l l  depend on t h e  r a t e  
a t  which success i s  achieved i n  t h e  reac tor  program. For planning purposes, it 
i s  assumed t h a t  t he  first engine t e s t  will take place i n  l a t e  1965 or ea r ly  1966. 
This t es t  w i l l  probably be followed by subsequent tests a t  about 3-month i n t e r -  
va ls  during t h e  first year and a t  c lose r  i n t e rva l s  during subsequent years. 
NERVA ENGINE DEVELOPMENT FACILITIES 
I n  the NERVA program, t h e  r eac to r  t e s t i n g  and t h e  engine t e s t i n g  w i l l  a l l  
be done i n  Nevada i n  a remote deser t  area ca l l ed  Jackass F l a t s ,  about 95 m i l e s  
northwest o f  Las  Vegas. 
Sc ien t i f i c  Laboratory f o r  K i w i  r eac to r  t e s t i n g  and i s  now known as NRDS, t h e  
Nuclear Rocket Development S ta t ion .  It i s  located i n  a remote area because of 
t h e  poss ib i l i t y  of radioact ive f a l l o u t  during t e s t i n g .  
of t h e  Jackass F l a t s  area.  
The t e s t  s i t e  has been i n i t i a l l y  developed by Los Alamos 
Figure 10 shows a por t ion  
Some of t h e  ex i s t ing  reac tor  t e s t  f a c i l i t i e s  are 
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sl~own but a r e  d i f f i c u l t  t o  see because of  the great  dis tances  involved. The en- 
gine t e s t  f a c i l i t i e s  w i l l  be i n  an area near t h e  l e f t  s ide  of t h i s  photograph. 
The f a c i l i t i e s  layout a t  t h e  t e s t  s i t e  i s  shown i n  f igu re  11. Test c e l l  A 
i s  t h e  t e s t  c e l l  i n  which a l l  of t he  reactor  t e s t i n g  t o  date  has been done. Test 
c e l l  C i s  a l so  a reac tor  t e s t  c e l l  and is now i n  i t s  f i n a l  s tages  of ac t iva t ion .  
These two reac tor  t e s t  c e l l s  a r e  operated from a cont ro l  point about 2 miles 
away. 
The reac tor  MAD (maintenance, assembly, and disassembly) bui lding cons is t s  
e s s e n t i a l l y  of two cold assembly bays, one large hot disassembly bay, and a num- 
ber of s m a l l  hot c e l l s .  The disassembly bay i s  a heavi ly  shielded room equipped 
with t h e  necessary remote-handling equipment t o  car ry  out complete disassembly 
operations on t h e  reac tor .  
One engine t e s t  stand, ETS-1, is  well  along i n  construction and another en- 
gine t e s t  stand, ETS-2, i s  i n  t h e  advanced planning s tage.  These two t e s t  stands 
w i l l  be operated from an underground control point located about 1000 feet  away. 
An engine MAD bui lding f o r  maintenance, disassembly, and reassembly operations i s  
now i n  t h e  e a r l y  s tages  of  construction. 
F a c i l i t i e s  f o r  t h e  ground t e s t i n g  of  complete nuclear s tages  a r e  shown near 
t h e  l e f t  s ide  of f igu re  11. These f a c i l i t i e s  a r e  now i n  t h e  ea r ly  planning 
s tages .  
ing. 
One of them i s  planned t o  be su i tab le  f o r  e i t h e r  engine or s tage  t e s t -  
All of t h e  t e s t  stands and the  two MAD buildings a r e  interconnected by a 
r a i l r o a d  system. 
these  r a i l roads  by remotely control led locomotives. 
i t s  t e s t  c a r t  being moved t o  t h e  t e s t  stand. 
had not yet  been i n s t a l l e d  on t h e  reac tor .  The stepped plug on t h e  forward end 
of t he  t e s t  c a r t  f i t s  i n t o  an opening i n  a heavy sh ie ld  w a l l  at t h e  t e s t  stand, 
and t h e  test  connections a r e  made on the  f a r  s ide  of t h i s  sh ie ld .  
Reactors and engines a r e  moved t o  and from the  t e s t  stands on 
Figure 1 2  shows a reac tor  on 
I n  t h i s  pa r t i cu la r  case,  t h e  nozzle 
Test c e l l  A is  shown i n  f igure  13. The two cy l ind r i ca l  tanks a t  t h e  upper 
r i g h t  a r e  liquid-hydrogen Dewars with a capacity of 28,000 gallons each. 
shed mounted on t r acks  i s  fo r  t he  protection of t h e  reac tor  and personnel from 
t h e  weather during tes t - s tand  operations. 
wel l  away from t h e  t e s t  stand. 
The 
During t e s t i n g ,  t h i s  shed i s  moved 
Figure 1 4  shows a r eac to r  at the  t e s t  stand ready f o r  tes t .  These r eac to r s  
a r e  t e s t e d  i n  an up-f i r ing pos i t ion  for simplici ty  i n  t h e  disposal  of t h e  e x i t  
hydrogen gas. 
t h e  control-drum ac tua tors  a r e  located below t h i s  sh ie ld .  Hydraulic ac tua tors  
a r e  used f o r  reac tor  t e s t  purposes but w i l l  not be su i t ab le  f o r  use on t h e  engine 
because of r ad ia t ion  e f fec ts .  It i s  planned t h a t  electropneumatic ac tua tors  w i l l  
be used on %he engine. 
The t e s t  c a r t  ca r r i e s  a heavy sh ie ld  j u s t  below the  r eac to r ,  and 
An a e r i a l  view of t e s t  c e l l  C i s  shown i n  f igu re  15. The two spheres a r e  
liquid-hydrogen Dewars with a capacity of 50,000 gallons each. 
d r i c a l  tanks a r e  high-pressure gas bo t t l e s .  
The long cyl in-  
This f a c i l i t y  a l so  contains a high- 
% 
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capaci ty  liquid-hydrogen flow loop f o r  component t e s t  purposes. 
The reactor  MAD bui ld ing  i s  shown i n  f igu re  16. This bui lding contains two 
assembly hays and one la rge  shielded disassembly bay. It a l s o  conLains a number 
of small hot c e l l s  f o r  use i n  post-mortem examination of r eac to r  components. 
Figure 1 7  i s  an art ist 's  sketch of t h e  first engine tes t  s tand,  ETS-1. The 
run tank on t h i s  stand has a capaci ty  of  about 70,000 gal lons,  and t h i s  is aug- 
mented by a spher ica l  storage Dewar  with a capaci ty  of about 250,000 gallons.  
The engine is i n s t a l l e d  on t h e  t e s t  stand by a rail-mounted vehicle  operated from 
a heavi ly  shielded cab. During operation, two halves of a cy l ind r i ca l  sh i e ld  a r e  
brought together t o  form an  enclosure around t h e  engine t h a t  can be made i n e r t .  
"he engine f i r e s  downward i n t o  an exhaust duct t h a t  d i f fuses  t h e  j e t  and tu rns  it 
through an angle of about 120'. This d i f fuse r  i s  water cooled. The e n t i r e  t e s t  
s tand with t h e  exception of t he  exhaust duct is made of aluminum because of neu- 
t r o n  ac t iva t ion  considerations.  The exhaust duct,  however, w i l l  remain highly 
radioact ive and must be shielded before personnel can approach t h e  t e s t  stand. 
This shielding i s  accomplished by movable sh i e ld  doors over t h e  exhaust-duct 
vaul t .  
The present appearance of ETS-1 is shown i n  f i g u r e  18. This t e s t  s tand is  
wel l  along i n  construction and w i l l  be ready for operation about t h e  middle of 
1965. 
GROWTH CAPABILITY O F  NERVA 
The reactor  power i s  l imi ted  pr imari ly  by thermal gradients  i n  t h e  core,  by 
temperature l eve l s ,  and by s t r u c t u r a l  s t rength.  Reactor temperature l e v e l s  a r e  
l imi ted  by t h e  high-temperature capab i l i t y  of  t h e  f u e l  matrix i n  the  graphi te  and 
by coatings for t h e  prevention of fuel-element corrosion. Operating time i s  
l imi ted  primarily by corrosion and is  therefore  t o  some extent  a trade-off with 
temperature leve l .  
Design analyses of  t h e  NERVA engine ind ica t e  t h a t  t h e  growth of power l e v e l  
w i l l  probably be l imi ted  by nonreactor components such as t h e  turbopump and noz- 
z l e .  
whereas t h e  reac tor  appears capable of ul t imate  growth t o  s i g n i f i c a n t l y  higher 
power leve ls .  
These components have been designed for growth t o  about 1500 megawatts, 
If the  operating time of 20 minutes is  maintained, it appears t h a t  t h e  u l t i -  
mate propellant temperature w i l l  be l imi ted  by t h e  r eac to r  t o  about 4500' R. 
With these increases i n  power and temperature l eve l s ,  t h e  engine should have 
a t h r u s t  of about 74,000 pounds and an o v e r a l l  system spec i f i c  impulse of about 
830 seconds. 
design and development of engine components and systems, and t h e r e  is cu r ren t ly  
no engine development a c t i v i t y  i n  t h i s  d i rec t ion .  However, t h e  advanced engine 
program i s  invest igat ing ways and means of advancing t h e  technology f o r  t h e  even- 
t u a l  design and development of higher power nuclear rocket engines. 
Any increases  i n  power beyond t h i s  l e v e l  w i l l  r equi re  major re- 
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INTRODUCTION \. 
Because of t h e  importance of nuclear rockets f o r  manned planetary f l i g h t ,  
t h e  Lewis Research Center has been studying a l t e r n a t e  nuclear rocket  concepts 
t h a t  have t h e  po ten t i a l  f o r  meeting t h e  high performance requirements of these  
missions. Lewis has concentrated i ts  advanced nuclear rocket research  program 
on a tungsten-water-moderated concept. The purpose of this presenta t ion  is  t o  
describe t h i s  concept and give a b r i e f  r6sum& of some of t h e  work t h a t  has been 
done i n  support of it. 
N7JCLEAR ROCKET REQUIFEDEBTS 
Before ge t t i ng  i n t o  t h e  d e t a i l s  of t h e  tungsten-water-moderated concept, 
some of t h e  requirements of a nuclear rocket should be considered that l e a d  t o  
i t s  choice. They are: 
spec i f i c  impulse; ( 2 )  r ecyc lab i l i t y ,  t h e  a b i l i t y  t o  s tar t  up and shut  down of 
t h e  order of 100 t i m e s ;  (3) long l i f e ,  that is, operating l i f e  of about 10 hours; 
and ( 4 )  develop3bili ty,  t h a t  is, the  capabi l i ty  of being developed i n t o  a re- 
l i a b l e  man-rated powerplant with the least expenditure of cost  and time. 
high-energy space missions such as 1-year manned t r i p s  t o  t h e  nearby planets .  
Recyclabi l i ty  i s  of importance, not s o  much for missions t h a t  requi re  restarts, 
but  f o r  a development program where thousands of tes ts  a r e  required t o  develop 
t h e  required r e l i a b i l i t y  for man-rated systems. Recyclable nuclear rocket r e -  
ac to r s  a r e  e s s e n t i a l  t o  prove r e l i a b i l i t y  of the e n t i r e  nuclear powerplant w i t h -  
i n  a reasonable amount of t i m e .  
provide t h e  l a r g e  t o t a l  impulses required f o r  lunar  ferry and high-energy manned 
planetary missions. I n  addi t ion,  long lifetimes a r e  a l s o  desirable  i n  t h e  nu- 
c lear  rocket development program t o  minimize t h e  number of reac tors  required and 
t h e  at tendant  long delays between t e s t s  i f  the  reac tors  must be changed a f t e r  
each f i r i n g .  
powerplant be developable. 
system, it makes l i t t l e  difference w h a t  spec i f i c  impulse can be a t t a ined ,  how 
many times t h e  reac tor  can be recycled, or how long an operating l i f e  it may 
achieve. Besides r e c y c l a b i l i t y  and long l i f e ,  t h e  key t o  a system t h a t  can be 
developed i s  f inding a concept that can be exhaustively t e s t e d  i n  ground tes t  
f a c i l i t i e s .  Important i n  a tes t  program is  t h e  a b i l i t y  t o  test r eac to r  compo- 
nents and subsystems by themselves t o  a high degree of per fec t ion  before  as- 
(1) high temperature t o  produce t h e  highest  possible  
The requirement of high temperature is, of course, obviously important t o  
Long operating l i f e  (compared with chemical rocket l i fe)  is required t o  
Perhaps t h e  most important i t e m  on t h e  list is  that t h e  nuclear rocket 
If  it cannot be developed i n t o  a r e l i a b l e  man-rated 
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sembly into a complete powerplant. That is not to say that complete powerplant' 
tests are not necessary. Not at all; complete powerplant tests are necessary to 
find the problems due to interactions of components. All dif€iculties that are 
found by component testing save much more costly and time-consuming full engine' 
tests. Therefore, a reactor that has a high degree of component separability is 
highly to be desired. 
TUNGSTEN-WATER-MODERAW CONCEPT 
After studies involving many reactor concepts, including fast and thermal, 
a thermal system using water as the moderator and tungsten enriched in the 184 
isotope as the fuel element material appeared to be the most attractive. 
The basic concept that evolved is very similar to the HTRE No. 1 reactor 
from the days of the Aircraft Nuclear Propulsion Program. A schematic of this 
reactor is shown in figure 1. It is composed essentially of an aluminum tank 
of water, which contains aluminum tubes joining aluminum headers at the top and 
bottom of the tank. Water fills the space surrounding the tubes. Fuel elements 
composed of concentric cylindrical plates of nichrome containing fully enriched 
uranium dioxide are held within the aluminum tubes. Air passes through these 
fuel elements, is heated, and is discharged from the bottom of the core. A 
fibre-type silica insulation about 1/10 inch thick contained within thin stain- 
less steel cylinders running the full length of the core reduces the heat loss 
-from the hot gases and fuel elements to a negligible fraction of the reactor 
power. The heat transferred to and generated in the water by neutron and gamma 
heating is removed by passing the water through an air-cooled radiator. 
reactor can be converted to a nuclear rocket by utilizing hydrogen as the cool- 
ant, instead of air, and replacing the nichrome with tungsten fuel elements. A 
water-to-hydrogen heat exchanger replaces the air-cooled radiator. There is more 
than enough cooling capacity in the hydrogen propellant to cool the water moder- 
ator. 
This 
Figure 2 shows a photograph of a full-scale model of a tungsten-water- 
moderated nuclear rocket. An aluminum pressure vessel is completely filled with 
water except for the aluminum tubes, which contain the tungsten fuel elements 
and flowing hydrogen. 
equally spaced segments, one of which is shown at the top. The hydrogen from 
the nozzle, which would be located to the right, enters the tubes of this heat 
exchanger, which removes the heat generated in the water. 
enters the reactor-inlet plenum. From this region the hot hydrogen is expanded 
through the nozzle to produce thrust at specific impulses of 800 to 900 seconds. 
The water moderator is circulated through the core and heat exchanger by means 
of a water pump and inlet and outlet water plenums. 
The water-to-hydrogen heat exchanger is divided into six 
The hydrogen then 
Figure 3 shows a sectioned view of a typical fuel element. The fuel element 
material in the form of five concentric cylinders of clad tungsten - uranium 
dio ide material is shown sectioned in this photograph. The fuel cylinders are 
su 4 orted and spaced b# fuel support pins. The front support pins to the left 
pass through and are Astened to a tungsten fuel support tube. The fuel support 
-&be runs the entire lengt& of the reactor and provides a gap between it and the 
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water-cooled aluminum tube, which is filled with stagnant hydrogen. The stag- 
nant hydrogen gap about l/8 inch thick contains a thin molybdenum radiation 
shield. This technique of insulation reduces the heat loss from the fuel cylin- 
ders and hot hydrogen to a fraction of 1 percent of the full reactor power. 
sidering the fact that 6 to 7 percent of the reactor power is generated within 
the water anyway by neutron and gamma heating, this small additional heat load 
Con- 
I is hardly of any consequence. 
2 inches long to minimize thermal expansion problems. 
required for a full reactor length. 
The fuel cylinder stages are only about 1 ~ t o  
About 20 to 30 stages are 
It is apparent that the high-temperature problems of this reactor concept 
are concentrated within individual isolated small fuel elements. The remainder 
of the reactor is made entirely of aluminum, which is water cooled at all points. 
The core structure being fabricated of a ductile metal and operating at essen- 
tially a constant temperature should present a minimum of problems in develop- 
ment. In fact, the entire water side of the reactor, which represents the major 
structural components, can be developed to a high degree of perfection without 
resorting to nuclear testing until all the major problems have been eliminated. 
The individual fuel element can also be developed to a high degree of per- 
fection relatively rapidly because of its small size. This can be done by means 
of out-of-pile electrically heated tests, hot hydrogen flow tests, furnace tests, 
vibration tests, and other similar tests. In-pile flow tests can also be carried 
out to more nearly simulate the complete nuclear rocket environment. Because of 
the relative ease and low cost of developing single fuel elements, several alter- 
nate designs could be developed simultaneously and the best one chosen for the 
final hot reactor development, but only after the major bugs have been worked out 
in the fuel element development program. Advanced fuel element concepts, perhaps 
for higher temperature or higher power density, can continue to be developed 
while the first nuclear powerplant is undergoing final development. These ad- 
vanced fuel elements can eventually be used to replace the existing elements 
without major core modifications to uprate the performance. A reactor concept 
with such flexibility in development should. provide the least risk in achieving 
a useful man-rated nuclear rocket with a minimum of time and cost. 
MATERIALS RESEARCH 
The most important problem area of any nuclear rocket concept is providing 
fueled materials capable of retaining fissionable material at temperatures in 
the range of 4500' to 5000' F while heating hydrogen at extremely high flow rates 
and heat fluxes. Accordingly, the effort on materials at Lewis has received the 
greatest attention. The first endeavor, when the advanced nuclear rocket pro- 
gram was started in late 1955, was to find high-temperature fuel element ma- 
terials that had the potential of the highest temperature, recyclability, and 
long life. 
ramic and metallic materials for compatibility with uranium dioxide (the most 
refractory uranium compound). 
tory metal was compatible with uranium dioxide and hydrogen, which was to be the 
propellant. It was thought that metals would have the most promise for recycla- 
The first step involved screening more than 30 high-temperature ce- 
Fortunately, it was found that the most refrac- 
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bility and long life because of their great ductility and high strength when 
compared to ceramic materials. After selecting the tungsten - uranium dioxide 
combination for the primary materials research program, ways for manufacturing 
useful shapes were explored. A powder metallurgy dispersion of uranium dioxide - 
in a tungsten matrix offered the greatest promise. 
terial is made at present. Uranium dioxide powder is mixed with tungsten powder 
and cold pressed and sintered into a compact of about 90-percent theoretical den- 
sity. This compact is then sandwiched between foils of pure tungsten about 1 or 
2 mils thick. This "sandwich" is then rolled in a hydrogen atmosphere at tem- 
peratures approaching 4000° F. 
greater than 99 percent of theoretical and also bonds the clad metallurgically 
to the meat. The bond area cannot be distinguished in photomicrographs of the 
joint. 
astrous uranium dioxide vaporization above 4 0 0 0 O  F. 
- 
Figure 4 shows how this ma- 
The rolling process increases the density to 
It was found that high density and clad were required to prevent dis- 
Samples of elements such as these have been tested by electrically heating 
to temperatures above 5000' F in vacuum and in flowing hydrogen for varying 
amounts of time ranging from minutes to hours for large numbers of rapid thermal 
cycles with no adverse effects. In-pile tests were conducted about 3 years ago 
in the Westinghouse Test Reactor before it was shut down. Samples about 1 inch 
square, 30 mils thick, with 20 volume percent of fully enriched uranium dioxide 
in the meat, with only the flat faces clad with about 2 mils of pure tungsten, 
were tested in evacuated capsules such as shown in the exploded view of figure 5. 
Cooling was provided by thermal radiation through the molybdenum radiation shield 
to the water-cooled stainless walls of the capsule. Each of seven specimens 
was run for 4 hours at temperatures varying from 47'20' to 5430' F. 
specimens including the one operated at 5430' R for 4 hours indicated no l o s s  of 
uranium dioxide through the clad faces. Figure 6 shows photomicrographs made of 
this specimen. The right-hand portion shows a region along the flat surface with 
the 2-mil clad. The uranium dioxide, which shows up as gray spots in this fig- 
ure, shows no migration at all through the clad. On the other hand, a section 
through the unclad edge shows uranium oxide loss to a distance of 7 or 8 mils 
from the unclad edge. Besides indicating no effect of radiation on the readily 
observable properties of the fueled material, the in-pile tests conclusively 
show the need for the clad and that cladding is effective in reducing uranium 
dioxide loss to nothing at temperatures of at least 5430' R for 4 hours of oper- 
ating time. 
All of the 
There is still much work to be done in utilizing this basic fueled material 
in suitable heat-transfer and flow configurations required for use in a nuclear 
reactor. The Lewis program is heavily concentrated in this area at present. 
By means of hot hydrogen flow tests of tungsten fuel element designs, elec- 
trically heated fuel element simulation, thermal cycling tests, and vibration 
tests, Lewis is attempting to determine the operating limits and potential of 
fuel element geometries. Particularly important is the ability of the fuel ele- 
ment to withstand the large aerodynamic forces imposed by the very high hydrogen 
flow rates required for high power density. 
There are other potential problem areas such as heat-exchanger operation 
without freezing of water, maintenance of the stagnant hydrogen insulation layer, 
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insulation of the hot end reactor header plate from the hot hydrogen in the re- 
actor exit plenum, and provision of a simple, reliable control system. Each of 
the anticipated problem areas has been considered to some extent. In some cases 
experimental work is being done or has been done to determine whether the an- 
ticipated problems exist, and, if they do, how serious they might be. From the 
work that has been done on these problems to date, Lewis is confident that they 
can be overcome. 
5-0 /5+ ANTICPATFD PERFORMANCE AJD CONCLUDING FENARKS 
Based on electrically heated and in-pile experimental materials and fuel 
element research, the use of tungsten - uranium dioxide fuel elements should 
permit operation with peak fuel element temperatures up to 5000° F for at least 
4 hours of operation with no l o s s  in fuel. The tungsten-water-moderated reactor 
utilizing these elements should produce hydrogen outlet temperatures of 4000° F 
and perhaps 4500' F with further development. 
pulse would be 825 and 880 seconds, respectively, for hydrogen temperatures of 
4000' and 4500' F. 
The corresponding specific im- 
Based on simulated fuel element test results the reactor should be com- 
pletely recyclable and have an operating life measured in hours. 
studies indicate thrust-to-weight ratios of greater than 10, perhaps approaching 
25, at power levels of 1000 megawatts up to 10,000 megawatts and higher. 
Early design 
Even though the anticipated performance is based on some experimental ex- 
perience, especially with regard to operating temperature, cyclability, and 
life, the actual thrust-to-weight ratios of a reliable man-rated system can only 
be determined when the actual powerplant is finally developed and all the com- 
promises and problems of a complete powerplant are finally made and solved. 
Based on the studies carried along for the past 7 years, Lewis feels confident 
that the water-moderated-tungsten concept can be developed into a reliable man- 
rated nuclear rocket propulsion system useful for manned planetary flight. 
R I D .  
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IN-PILE CAPSULE TESTS 
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The primary purgose of t h e  NERVA nuclear rocket current ly  under development 
Once developed, i s  t o  demonstrate t h e  f e a s i b i l i t y  of nuclear rocket propulsion. 
it may have appl icat ion i n  missions such as a manned lunar  landing o r  space 
s t a t i o n  supply. Unfortunate1 , it i s  t o o  small f o r  manned in te rp lane tary  m i s -  
s ions.  This being t h e  case,& w a s  decided t o  examine a second-generation nu- 
c l ea r  rocket su i t ab le  f o r  mansd  interplanetary f l i g h t  i n  order t o  ge t  an idea 
of component cha rac t e r i s t i c s  and problem areas. This examination is, i n  
general, based on current technology and includes t h e  graphi te  reac tor  concept, 
a nozzle fabr ica ted  from Inconel X tubing, and conventional turbopump blading 
and bearings. Some of t h e  preliminary r e su l t s  of t h i s  examination are reporte  do 
herein. 4. R J ,  Lj-4-q 
The manned planetary mission on which the  study of a second-generation 
nuclear rocket system is  based is i l l u s t r a t e d  i n  f igure 1. 
r u l e s  for t h i s  mission were as follows; 
Some of t he  ground 
(1) Seven-man mission with four  men on Mars f o r  a 40-day s t a y  
( 2 )  Separate nuclear engines f o r  a l l  th ree  propulsion phases s t a r t i n g  with 
departure from Ear th ' s  o rb i t  
(3) Rnpty tanks and used engines je t t i soned  
( 4 )  Noncoplanar, e l l i p t i c  planetary o rb i t s  considered 
(5)  1979 Departure da te  
The component weights assumed were as follows: 
Earth r e tu rn  vehicle,  l b  . . . . . . . . . . . . . . . . . . . . . . . .  14,000 
Mars landing vehicle,  l b  . . . . . . . . . . . . . . . . . . . . . . . .  96,000 
Consumab l e  s , l b  /day . . . . . . . . . . . . . . . . . . . . . . . . . . .  45 
Space vehic le  quar te rs  and radiat ion shield ( s o l a r  and nuclear),  l b  . . .  57,000 
The mission study involved an optimization of energy requirement, weight, 
t r i p  time, perihelion, and so  for th .  Much more d e t a i l  w i l l  be given i n  papers 
by M r .  R. W. Luidens. A summary of t h e  r e su l t s  obtained i s  presented i n  f i g -  
ure  2, which shows f i rs t -phase power requirement as a function of t r i p  time. 
The region of i n t e r e s t  includes power requirements ranging from about 4000 t o  
24,000 megawatts. The low end of t h i s  range will presumably be taken care  of by 
t h e  growth p o t e n t i a l  of t h e  NERVA engine, but t h e  high end w i l l  require  a new 
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engine development program. Inasmuch as 15,000 megawatts represents an order of 
magnitude increase i n  s i z e  over t h e  NERVA, it w a s  decided t h a t  t h i s  would be a 
good place t o  start t h e  examination. 
. 
The ef fec t  of some cycle parameters on t h e  performance of nuclear rockets 
i s  presented i n  f igure  3 as a p lo t  of engine s p e c i f i c  impulse against  rocket 
chamber pressure f o r  both t h e  "topping" and "hot-bleed" cycles. 
d i f f e r  pr inc ipa l ly  i n  t h e  source of t h e  turb ine  gas supply. For t h e  hot-bleed 
cycle, a small amount of hot gas is bled off at t h e  reac tor  exi t ,  blended with 
some cold gas t o  a temperature of about 2000' R, and then supplied t o  t h e  t u r -  
bine. The turb ine  i s  preferably a multistage u n i t  operating at a pressure r a t i o  
i n  t h e  range of 10 t o  20. For t h e  topping cycle t h e  propellant i s  partway 
heated i n  one or more of t h e  engine components (such as t h e  nozzle, core support, 
shield,  e t c . ) ;  most of it is then passed through t h e  turbine,  a f t e r  which it i s  
returned t o  t h e  cycle t o  be heated t o  t h e  ra ted  propellant temperature. The 
turb ine  f o r  t h i s  cycle is  one s tage and operates at a r e l a t i v e l y  low temperature 
and pressure r a t i o  (1.8 t o  2 .0 ) .  
These cycles 
The performance obtained with t h e  topping cycle is represented by t h e  
dashed l i n e  ( f i g .  3); t h e  numbers on t h e  l i n e  indicate  t h e  turbine- inlet  tem- 
perature  requirement. Although chamber pressure has no e f fec t  on s p e c i f i c  i m -  
pulse f o r  t h e  topping cycle, t h e  turb ine- in le t  temperature requirement i s  a 
d i r e c t  function. For pressures l e s s  than or equal t o  500 pounds per  square inch 
absolute the turbine energy requirement can possibly be met by t h e  heat extracted 
from t h e  nozzle, core support, and shield.  For pressures grea te r  than 500 pounds 
per square inch absolute an addi t iona l  heat source is needed. Inasmuch as t h e  
only remaining source i s  t h e  reactor,  a two-pass reactor  w i l l  thus  be required. 
This g e t s  considerably more complicated than t h e  single-pass reactor .  
The performance obtained with t h e  hot-bleed cycle is  represented by t h e  two 
(The lower curve i s  
s o l i d  l ines .  The upper curve is f o r  an overa l l  turbopump ef f ic iency  of 50 per- 
cent, and the lower one is f o r  an e f f ic iency  of 30 percent. 
representative of current performances. ) 
t h e  percent tu rb ine  bleed required i f  t h e  turb ine  i s  operated a t  a pressure 
r a t i o  of 20. For t h e  hot-bleed cycle, s p e c i f i c  impulse is an inverse function 
of tu rb ine  bleed, which, i n  turn, is  a function of chamber pressure and turbo- 
pump efficiency. For every 1 percent of tu rb ine  bleed, t h e r e  is a loss of about 
4- points  of spec i f ic  impulse. 
The numbers on t h e  curves represent 
1 
2 
The information i n  f i g u r e  3 may be summed up as follows: 
(1) For t h e  topping cycle, it appears des i rab le  t o  keep chamber pressure 
low so as not t o  complicate t h e  reactor .  
( 2 )  For t h e  hot-bleed cycle, it appears des i rab le  t o  keep chamber pressure 
low and turbopump eff ic iency high s o  as t o  minimize s p e c i f i c  impulse losses .  
The effect  of cycle pressure on t h e  estimated weight and s i z e  of t h e  turbo- 
pump required f o r  a 15,000-megawatt engine is  presented i n  f i g u r e  4. 
much as turbopump weight is primarily a function of pump discharge pressure, 
t h i s  is t h e  var iable  against  which weight i s  plot ted.  The curve shown is based 
Inas- 
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I 
on ex is t ing  technology and is appl icable  t o  both axial and cent r i fuga l  un i t s .  
&amination of t h e  curve reveals  t h a t  turbopump weight and s i z e  a r e  qu i t e  
s ens i t i ve  t o  pump discharge pressure.  
1000 pounds per  square inch absolute t h e  turbopump would weigh about 12,000 
pounds and would be 7 t o  10 feet  long. For a pump pressure of 3500 pounds per 
square inch t h e  weight would increase t o  about 42,000 pounds and t h e  length from 
10 t o  15 fee t .  It i s  estimated t h a t  turbopump weight could be reduced by half  
w i t h  t h e  development of advanced blading and bearings. If t h i s  is so, then it 
is  apparent t h a t  advanced technology becomes more and more des i rab le  as pump 
discharge pressure is increased. For example, a t  a discharge pressure of 3500 
pounds per square inch absolute, advanced technology would save about 20,000 
pounds, whereas at 1500 pounds per square inch absolute and less, t h e  savings 
would be l e s s  than 10,000 pounds. 
For example, f o r  a pump pressure of 
The e f f ec t s  of changes i n  chamber pressure on turbopump weight are con- 
s iderably influenced by t h e  cycle selected.  This can be i l l u s t r a t e d  with t h e  
a i d  of f i gu re  4,  which presents  p lo t s  of chamber pressure against  pump d is -  
charge pressure fo r  both t h e  hot-bleed and topping cycles. (It w i l l  be reca l led  
t h a t  t h e  topping cycle requires  higher pump pressures because t h e  turb ine  pres- 
sure  drop i s  i n  s e r i e s  with t h a t  of t h e  other components.) For an increase i n  
hot-bleed-cycle chamber pressure from 500 t o  1500 pounds per  square inch abso- 
lu te ,  t h e  turbopump weight would increase about 6000 pounds (from 12,000 t o  
18,000 l b ) ,  whereas a s imilar  change i n  topping-cycle chamber pressure would in- 
crease t h e  weight about 22,000 pounds (from 16,000 t o  38,000 l b ) .  Thus, from 
t h e  standpoint of turbopump weight, chamber pressures of t h e  order of 500 pounds 
per square inch absolute appear preferable.  
The va r i a t ion  of nozzle-throat heat f lux and tube-wall temperature with 
chmber pressure f o r  t h e  15,000-megawatt engine with Inconel X tubes and operat- 
ing at a chamber temperature of 4500' R is presented i n  f igure  5. It should be 
remembered that these  curves a r e  f o r  a ser ies  of optimum designs and a r e  not t h e  
performance of one design. The s igni f icant  i t e m  t o  note i n  t h i s  f i gu re  i s  t h a t  
as chamber pressure is  increased, wall temperature can be held t o  a desired 
value u n t i l  t h e  coolant passage chokes. After t h i s ,  t h e  heat-flux requirements 
cannot be m e t  on t h e  coolant side,  and a considerable increase i n  maximum w a l l  
temnerature is  encountered. For example, a wall temperature of 3500' R i s  in-  
dicated f o r  a chamber pressure of 1500 pounds per  square inch absolute.  This is 
far  i n  excess of current mater ia l  capabi l i t i es .  If t h e  m a x i m u m  wall temperature 
i s  l imited t o  t h e  current prac t ice  of 2000' R, then  t h e  chamber pressure is 
l imi ted  t o  about 700 pounds per square inch absolute. If it i s  assumed t h a t  
fu tu re  material improvements w i l l  permit a m a x i m u m  wall temperature of 2600° R, 
t h e  l imi t a t ion  can be extended t o  about 1000 pounds per square inch absolute. 
Ceramic coatings, ab la t ive  coatings, f i l m  cooling, and s o  for th ,  may permit 
higher pressures  if they  are required,  but considerable development w i l l  be re- 
quired i n  order t o  apply these  techniques. 
The eyfect of t h e  chamber pressure i n  t h e  15,000-megawatt engine on nozzle- 
t h roa t  tube-wall s t r a i n  i s  presented i n  f igure 6 f o r  t h e  same conditions as t h e  
lower tube-wall temperature curve i n  f igure  5. Two curves are shown, one f o r  
t h e  t angen t i a l  and one f o r  t h e  longi tudinal  s t r a i n .  The t angen t i a l  s t r a i n  i s  a 
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r e s u l t  of t h e  pressure difference and temperature gradient across t h e  hot w a l l -  
of t h e  tube ( see  sketch i n  f i g .  6 ) .  The longi tudinal  s t r a i n  is  a r e s u l t  of 
thermal s t resses  i n  t h e  hot w a l l  caused by t h e  difference i n  temperature between 
t h e  inner and outer nozzle walls. It can be seen t h a t  t h e  longi tudinal  s t r a i n  . 
far exceeds t h e  tangent ia l  s t ra in ;  however, both exceed t h e  e l a s t i c  l i m i t  ( f o r  
t h e  range considered) and thus  a r e  i n  t h e  region of p l a s t i c  deformation. Up t o  
about 700 pounds per  square inch, t h e  longi tudinal  s t r a i n  is constant with 
chamber pressure, because t h e  hot-wall temperature is  constant. Beyond t h i s ,  
t h e r e  is a rapid increase i n  longi tudinal  s t r a i n  because of t h e  rapidly in- 
creasing hot - w a l l  temperature. The value of longi tudinal  s t r a i n  (0.0165) in- 
dicated for pressures under 700 pounds per square inch absolute is t y p i c a l  of 
t h a t  encountered i n  t h e  Inconel X nozzles cur ren t ly  under development for 
NERVA. Thus f a r ,  none of these  nozzles has proved sat isfactory,  and it i s  
qui te  possible t h a t  nozzle technological improvement is required even if  low 
chamber pressures a r e  t o  be u t i l i z e d  i n  t h e  advanced nuclear rocket. 
The effect  of chamber pressure on exhaust-nozzle length and weight f o r  t h e  
15,000-megawatt engine is  shown i n  f igure  7 for nozzle expansion r a t i o s  of 
25, 50, and 100. Included f o r  reference a r e  points  that indicate  t h e  lengths of 
t h e  NERVA (6 ft) and t h e  M - 1  (21 f ' t )  exhaust nozzles. 
Changes i n  nozzle weight and length with reductions i n  chamber pressure a r e  
r e l a t i v e l y  minor down t o  a pressure of about 1000 pounds per square inch abso- 
l u t e j  below t h i s  value, they  increase a t  a rap id ly  accelerat ing r a t e .  The rap id  
weight increase i s  a r e s u l t  of t h e  constant tube-wall thickness (0.0090 i n . ) ,  
which, in  turn,  i s  necessi ta ted by longi tudinal  s t r a i n  considerations. If fab- 
r i c a t i o n  techniques can be devised t o  a l l e v i a t e  t h e  longi tudinal  strain, appre- 
c iab le  weight reductions might be real ized at t h e  lower pressures. Even with 
current technology, however, t h e  nozzle weights a t  a chamber pressure of 
500 pounds per square inch absolute do not appear excessive when it i s  con- 
sidered that t h e  higher area r a t i o s  provide grea te r  impulse. 
O f  perhaps grea te r  s ignif icance is t h e  s i z e  of t h e  nozzle, because it not 
only a f fec ts  engine weight but influences in te rs tage  s t r u c t u r e  weight as well. 
A t  a chamber pressure of 500 pounds pe r  square inch absolute, a 2 5 : l  conven- 
t i o n a l  nozzle would be about 20 f e e t  long, whereas a 1OO:l nozzle would be about 
twice t h a t  or 40 f e e t  long. Thus, if low chamber pressures and high area r a t i o s  
a r e  t o  be employed, ser ious consideration should be given t o  unconventiond, 
folded, or multinozzle arrangements. 
A preliminary look at a graphi te  reac tor  f o r  a 15,000-megawatt engine in- 
dicated tha t  it would weigh about 12,000 pounds (excluding t h e  s h i e l d )  and t h a t  
t h e  weight would be e s s e n t i a l l y  unaffected by chamber pressure. The shape or 
volume of the reactor, however, probably would be a f fec ted  by pressure level ,  
with t h e  lower pressures requiring l a r g e r  diameters. Inasmuch as l a r g e r  d i -  
ameters w i l l  mean a la rger  and heavier shadow shield, it w a s  decided t o  t a k e  a 
quick look at  t h i s  component. This look indicated that t h e  weight of a shadow 
s h i e l d  f o r  a 15,000-megawatt engine w i l l  vary from about 5500 pounds at a cham- 
ber pressure of 1500 pounds per square inch absolute  t o  about 8000 pounds at a 
chamber pressure of 500 pounds per square inch absolute.  Inasmuch as t h e  change 
i n  sh ie ld  weight is  only 2500 pounds, t h i s  effect  is  considered t o  be i n s i g n i f i -  
cant. 
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. Another f ac to r  t o  consider is t h e  e f fec t  of diameter on reac tor  control la-  
b i l i t y .  As t h e  diameter becomes larger ,  it becomes increasingly d i f f i c u l t  t o  
cont ro l  t h e  reac tor  by means of a simple peripheral  rotating-drum cont ro l  sys- 
tem. One method of handling this s i tua t ion  would be t o  use s l i d ing  control  
rodes dispersed throughout t h e  core or  more complex " i s land  type" cont ro l  drums. 
Another method would be t o  operate at higher pressures thereby permitt ing 
smaller diameters. It is t o  be emphasized tha t  t hese  considerations plus many 
others  m u s t  be taken i n t o  account i n  t h e  optimization of t h e  reac tor  and propul- 
s ion system. 
The va r i a t ion  of t h e  sum of t h e  weights of t h e  reactor ,  t h e  nozzle, and t h e  
turbopump with chamber pressure f o r  t h e  15,000-megawatt engine i s  presented i n  
f igure  8 f o r  t h e  t h r e e  nozzle expansion ratios previously considered. 
weight of t h e  sh i e ld  i s  not included.)  It should be recognized t h a t  although 
these  three components are t h e  p r inc ipa l  const i tuents  of a nuclear rocket, items 
such as t h e  in t e r s t age  s t ruc tu re  and impulse t rade-offs  associated with cycle 
and nozzle se l ec t ion  could a l s o  influence the se lec t ion  of t h e  optimum chamber 
pressure.  For both cycles and t h e  nozzle area r a t i o s  considered, t h e  m i n i m u m  
combined reactor,  nozzle, and turbopump weights occur a t  about 500 pounds per  
square inch absolute  chamber pressure. Variations i n  chamber pressure from 
about 300 t o  1000 pounds per square inch absolute, however, do not have an 
appreciable e f f ec t  on t h e  combined weights because of t h e  compensating e f f e c t s  
of t h e  turbopump and t h e  nozzle. 
cycle are a r e s u l t  of t h e  higher pump pressures t h a t  t h i s  cycle requires .  For 
t h e  range of chamber pressures considered (500 t o  1500 ps i a )  t he  difference i n  
weight is not t o o  grea t  and is  more than compensated f o r  by t h e  higher spec i f i c  
impulse obtained. 
(The 
The higher weights required f o r  -the topping 
This preliminary study of some of t h e  var iables  and components of a 15,000- 
megawatt nuclear rocket engine su i t ab le  f o r  a possible  manned Mars mission has 
indicated t h a t  t h e  se lec t ion  of t h e  cycle and t h e  engine design chamber pressure 
w i l l  probably not be determined by engine weight considerations ( i f  t h e  chamber 
pressure fa l l s  i n  t h e  range of 300 t o  1000 psia) ,  but more probably by reac tor  
cont ro l  and nozzle heat transfer,  s t ress -s t ra in ,  and s i z e  considerations.  The 
se lec t ion  of t h e  optimum cycle and design pressure i s  qu i t e  a complex problem 
with many i n t e r r e l a t e d  var iab les  t h a t  undoubtedly w i l l  be  influenced by techno- 
log ica l  developments of t h e  future .  This being t h e  case, it i s  des i rab le  t h a t  
a continuing and more de ta i led  study be pursued. 
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INaiODUCTION 
Missions of Interest  
E l e c t r i c  propulsion i s  of i n t e r e s t  f o r  manned interplanetary missions, p r i -  
marily because it of fers  t h e  p o t e n t i a l  of delivering and returning r e l a t i v e l y  
la rge  payload f rac t ions  from t h e  planets.  This can be achieved because of t h e  
high spec i f ic  impulse obtainable when the  propellant i s  accelerated by e l e c t r i c a l  
means r a t h e r  than thermally, as i n  chemical and nuclear rockets. 
The benef i t s  of reduced propellant consumption a re  not, however, obtained 
without cost .  For a given t h r u s t  level ,  increased e l e c t r i c a l  power must be put 
i n t o  the  exhaust j e t  t o  obtain a higher specif ic  impulse, and the  powerplant 
weight increases correspondingly. When thrust  l e v e l  and spec i f ic  impulse a r e  op- 
timized i n  order t o  balance propellant weight and powerplant weight while achiev- 
ing a maximum net  payload, t h e  vehicle  acceleration i s  t y p i c a l l y  found t o  be on 
t h e  order of 10-3 t o  g f o r  most interplanetary missions. As  a resu l t ,  t h e  
e l e c t r i c  spacecraft  cannot take off from a planetary surface but must be boosted 
i n t o  o r b i t  by a high-thrust  engine. I n  addition, as a r e s u l t  of t h e  l o w  th rus t ,  
t h e  e l e c t r i c  vehicles  require  r e l a t i v e l y  long propulsion times t o  perform t h e  
missions of i n t e r e s t .  I n  contrast  t o  high-thrust operation, which consis ts  of 
short  power burs t s  followed by long coast  periods, t h e  e l e c t r i c  system operates 
f o r  long periods of time t o  provide equivalent veloci ty  increments. 
E l e c t r i c  Ehgine Defined 
A t y p i c a l  e l e c t r i c  engine i s  shown schematically i n  f igure  1. It cons is t s  
of an e l e c t r i c  t h r u s t o r  having a propellant feed system, t h e  e l e c t r i c a l  power- 
conditioning equipment, and the e l e c t r i c a l  power supply. A powerplant cons is t s  
of the  l a t t e r  two. 
The e l e c t r i c  t h r u s t o r  accelerates  t h e  propellant t o  a high velocity,  which 
produces s p e c i f i c  impulses i n  the  1000- t o  40,000-second range. The propellant 
feed system s t o r e s  the propellant and controls i t s  flow t o  the  thrustor .  Ty-pi- 
cal ly ,  the  system cons is t s  of the tankage, a pressurizer ,  t h e  flow-control pro- 
visions,  and, i n  most cases, a propellant vaporizer. The e l e c t r i c a l  power- 
conditioning equipment converts the  power supply output t o  t h e  voltage and fre-  
quency required by the  thrus tor .  It consists of inverters ,  transformers, r e c t i -  
fiers, and c i r c u i t  breakers i n  t h e  more complex i n s t a l l a t i o n s .  The e l e c t r i c a l  
power supply cons is t s  of a heat source, a,n energy-conversion system, and a means 
of r e j e c t i n g  waste heat i n t o  space. 
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General Engine Specifications 
The i n t e r e s t  i n  an e l e c t r i c  engine depends on i t s  competitiveness r e l a t i v e  
t o  other propulsion schemes. 
advance i n  propulsion, so  a comparison of nuclear rockets and e l e c t r i c  propulsion 
can serve as an i l l u s t r a t i o n  of the  performance required of the  e l e c t r i c  engine. 
I n  f i g u r e  2 r e l a t i v e  i n i t i a l  pwload i s  p lo t ted  against  mission time f o r  a Mars 
round t r i p  f o r  nuclear rockets and e l e c t r i c  propulsion. 
The nuclear rocket appears t o  be t h e  next major I 
Three nuclear rocket 
rab le  launch dates (1971, 1986, 2001, e t c . ) ,  a l e s s  
0), and spec i f ic  impulses of 800 and 900 seconds. The 
c engine i s  shown parametrically as a function of - 
powerplant spec i f ic  weight f o r  only one launch date as, i n  general, changes i n  
launch dates have l i t t l e  e f f e c t  on missions with high-specific-impulse .engines. 
From the  comparison, it i s  apparent t h a t  low-specific-weight (10 t o  
15 lb/kw) e l e c t r i c  engines capable of operating r e l i a b l y  for 400 t o  500 days a re  
required t o  compete successfully with nuclear rockets f o r  t h e  Mars mission. For 
longer higher energy missions, planetary missions (such as J u p i t e r  or Pluto),  or 
where large quant i t ies  of e l e c t r i c  power a r e  required at the  destination, t h e  
e l e c t r i c  engine i s  competitive at even higher s p e c i f i c  weights. 
The e l e c t r i c a l  power l e v e l s  of i n t e r e s t  f o r  manned interplanetary f l i g h t  
vary, depending on the mission prof i le ,  pwload  requirements, and spec i f ic  weight 
of the  engine. A t y p i c a l  450-day Mars mission f o r  a ne t  weight i n  Mars o r b i t  of 
170,000 pounds and a return weight t o  Earth o r b i t  of 120,000 pounds can u t i l i z e  
a 20-megawatt, 11-pound-per-kilowatt power system. If heavier shielding weights 
a r e  required f o r  crew protection, the  power requirements could increase. Or, i f  
spec i f ic  weights of the powerplant a re  lower, t h e  power may increase. I n  gen- 
e ra l ,  t h e  power l e v e l s  f o r  e l e c t r i c  propulsion missions can be crudely estimated 
by assuming t h a t  one-third of the  spacecraft  weight i n  o r b i t  w i l l  consis t  of 
powerplant, one-third of propellant,  and t h e  remainder of s t ruc ture  and payload. 
It appears t h a t  the  power range of i n t e r e s t  f o r  t h e  manned Mars mission i s  5 t o  
40 megawatts, where the  5 megawatts correspond t o  missions with small spacecraft  
using e l e c t r i c  propulsion from Earth escape and t h e  40 megawatts a re  f o r  l a r g e r  
spacecraft  s t a r t i n g  from Earth orb i t .  
While it i s  l i k e l y  t h a t  l a r g e  e l e c t r i c  engines, i f  developed, will be de- 
signed for manned missions, there  a re  many usefu l  unmanned missions t h a t  could 
be performed during the powerplant "man rating" phase and a f t e r  the  engine i s  
developed. The power l e v e l s  of i n t e r e s t  f o r  the  unmanned missions are r e l a t e d  
t o  booster capabili ty.  Typical examples are: 
(1) Starting with a Saturn C-5 payload of about 200,000 pounds i n  Earth or- 
b i t ,  5 megawatts of e l e c t r i c  power can be used t o  provide a la rge  J u p i t e r  sa te l -  
l i t e .  
(2) With a Saturn C-5 payload of 60,000 pounds placed beyond Earth escape, 
1 megawatt of e l e c t r i c  power can be used f o r  a smaller J u p i t e r  orb i te r .  
(3) With a Saturn C-lB, 28,000 pounds can be placed i n  a 300-mile orb i t .  A 
spacecraft  of t h i s  s i z e  with about 400 ki lowatts  of e l e c t r i c  power can be used t o  
perform missions such as a solar o r b i t e r  or Mercury o r b i t e r  missions. 
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I n  general, t h e  unmanned missions a re  longer, requir ing 700 t o  800 days f o r  
J u p i t e r  o r b i t e r s  and up t o  1200 d w s  for Pluto probes. 
missions, t h e  e l e c t r i c  engine can compete successfully with a nuclear rocket with 
powerplant spec i f i c  weights up t o  30 pounds per kilowatt .  
For these  higher energy 
Preliminary ana lys i s  ind ica tes  t h a t  the  engine should, a lso,  be of modular 
construct ion and that a useful module s i z e  i s  about 5 megawatts e l e c t r i c .  
module would cons is t  of many thrus tors ,  a single reactor ,  and one or more power- 
conversion systems. 
f o r  a manned mission, and one 5-megawatt-electric module at r a t ed  power or de- 
r a t ed  module f o r  t h e  Lmmanned missions. 
One 
Two t o  four 5-megawatt-electric modules could then be used 
Other general  requirements for t h e  e l e c t r i c  engine can be infer red  from 
these  mission considerations.  
must t o l e r a t e  vacuum conditions, meteoroid impacts, and space radiat ions.  It can 
only r e j e c t  waste hea t  by thermal rad ia t ion  i n  t h e  vacuum. 
systems must r e j e c t  7 t o  10 ki lowatts  of thermal energy f o r  each ki lowatt  of 
e l e c t r i c  power generated, t he  r ad ia to r  becomes prohib i t ive ly  l a rge  at high powers 
unless  operated at high temperatures. As an example, i f  heat i s  re jec ted  at 
600° F, approximately 1 acre or 40,000 square f e e t  of r ad ia t ing  surface a re  re- 
quired p e r  megawatt of e l e c t r i c  power generated. While at 1 5 0 0 O  F, only 
2000 square feet  a re  required. Since radiators  t y p i c a l l y  weigh 1 t o  5 pounds 
per square foot,  t h e  achievement of lightweight power systems requires  t h a t  heat 
be r e j ec t ed  i n  a 12000 t o  18000 F temperature range. The high hea t - re jec t ion  
temperatures i n  t u r n  imply a requirement f o r  high heat source temperatures of 
2000° t o  3500° F, depending upon t h e  power-conversion system. 
To operate i n  t h e  space environment, t h e  engine 
As most space power 
An e l e c t r i c  engine must u t i l i z e  a nuclear heat source. Chemical heat 
sources are too  heavy f o r  t h e  long missions. Solar heat sources require  l a rge  
co l l ec to r s  (about 70 sq  f t / kw) ,  which a re  much heavier than nuclear  sources at 
higher powers. Isotopes a re  not ava i lab le  i n  s u f f i c i e n t  quan t i t i e s  f o r  manned 
missions, and a fusion reac tor  i s  not ye t  conceivable. Thus, t he  nuclear f i s s i o n  
reac tor  heat source i s  t h e  only one of in te res t .  
A closed-cycle power system t h a t  incorporates i t s  own heat- t ransfer  media 
must be used. While s m a l l  quant i t ies  of propellant a r e  cont inual ly  exhausted 
from t h e  engine, a simple thermodynamic calculat ion will disc lose  t h a t  t h e  pro- 
pe l l an t  weight flow i s  in su f f i c i en t  f o r  t ransfer r ing  heat i n  any adequate power- 
generating system because of t h e  inef f ic ienc ies  i n  t h e  e l e c t r i c a l  and t h r u s t o r  
systems. 
The s t r ingen t  r e l i a b i l i t y  requirement f o r  manned missions, coupled with t h e  
need f o r  long l i f e  at high temperatures, imposes a severe burden on t h e  engine. 
It i s  doubtful whether t h i s  r e l i a b i l i t y  and l i f e  can be achieved without exten- 
s ive  redundancy and i n - f l i g h t  repairs .  
I n  summary, t h e  general  requirements for t h e  e l e c t r i c  engine, based on both 
The following dis- manned Mars and unmanned missions, are tabulated i n  t a b l e  I. 
cussion descr ibes  current  t h r u s t o r  and e l e c t r i c  powerplant concepts, summarizes 
t h e i r  development status, and out l ines  some of t h e  problems t o  be resolved. 
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I ELECTRIC THRUSTORS 
Thrustors of I n t e r e s t  
TD a t t a i n  high spec i f ic  impulses without t h e  need f o r  the  extremely high 
exhaust-gas temperatures of nuclear rockets, t h e  thermal energy of the  nuclear 
heat source i s  f i r s t  converted t o  e l e c t r i c a l  power a t  more manageable tempera- 
tu res .  This power i s  then used t o  produce vehicle accelerat ions by energizing 
e l e c t r i c  th rus tor  devices. A s  a resu l t ,  the  impulse-producing momentum of the  
expellant i s  determined by e l e c t r i c a l  r a t h e r  than thermal considerations, and 
much higher e x i t  ve loc i t ies  and lower propellant mass-flaw r a t e s  r e s u l t .  On the  
other  hand, t h r u s t  l e v e l s  a r e  low f o r  the same energy consumption, which r e s u l t s  
i n  long thrust ing times. 
Electr ic  th rus tors  a re  not l imi ted  i n  t h e i r  capabi l i ty  t o  generate high 
s p e c i f i c  impulses. However, mission optimization has indicated a need f o r  
t h r u s t o r  devices t h a t  operate over a wide range of spec i f ic  impulse (1000 t o  
20,000 see) .  It i s  doubtful whether such a range can be covered e f f i c i e n t l y  with 
a s ingle  type of thrustor .  
i s  currently being considered. 
Consequently, a var ie ty  of e l e c t r i c  t h r u s t o r  devices 
F o r t h r u s t  generation, th ree  classes  of devices are  current ly  being inves t i -  
gated - electrothermal, e l e c t r o s t a t i c ,  and electromagnetic. Potent ia l ly ,  elec- 
tromagnetic accelerators  should be competitive, at l e a s t ,  i n  the  low-specific- 
impulse range of 1000 t o  5000 seconds. This i s  because the  integrat ion of ioni-  
zation and accelerat ion processes promises t h e  e f f i c i e n t  u t i l i z a t i o n  of the ions 
produced. However, the operating e f f i c i e n c i e s  of these devices t o  date  have been 
r e l a t i v e l y  low (10 t o  30 percent), and developmental problems e x i s t  i n  an area 
where there i s  l i t t l e  experience. Electrothermal th rus tors  ( r e s i s t 0  j e t  and arc  
j e t )  and e l e c t r o s t a t i c  th rus tors  (contact ionizat ion and electron bombardment 
ionization) have demonstrated much higher operating e f f ic ienc ies ,  and, f o r  t h i s  
reason, only the electrothermal and the e l e c t r o s t a t i c  th rus tors  will be discussed 
i n  d e t a i l .  
Thrust or De s c r i p t i  ons 
The electrothermal t h r u s t o r  clevices heat t h e  propellant e l e c t r i c a l l y  and ex- 
pand it through a nozzle t o  produce thrus t .  On t h e  other  hand, the  e l e c t r o s t a t i c  
devices ionize the  propellant and accelerate  t h e  ions e l e c t r o s t a t i c a l l y .  Varia- 
t i o n s  of these t h r u s t o r  concepts are shown i n  f igure  3. Elec t r ic  heating of t h e  
propellant i n  t h e  electrothermal devices may be accomplished by using a r e s i s t -  
ance heat exchanger or by s t r i k i n g  an a r c  t o  heat t h e  propel lant  t o  high thermal 
energy levels.  
The e l e c t r o s t a t i c  th rus tors  develop t h r u s t  by accelerat ing t h e  ionized pro- 
p e l l a n t  by cs ing e l e c t r i c  f i e l d s .  
device can be achieved e i t h e r  by contact ionization, which occurs on hot sur- 
faces, o r  by bombardment of t h e  propel lant  with high-energy electrons t o  detach 
electrons from the  propellant atoms. 
The production of tons i n  t h e  e l e c t r o s t a t i c  
To achieve high-specific-impulse performance, t h e  electrothermal devices 
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u t i l i z e  hydrogen or ammonia as t h e  propellant. The heating surfaces i n  the  
r e s i s t 0  j e t  a re  re f rac tory  metal c o i l s  and operate at temperatures of about 
4200° F. 
produces ions by diff’using cesium through a 2000° F porous tungsten plug and 
forming ions on the surface of t h e  tungsten. The e lec t ron  bombardment ionizat ion 
t h r u s t o r  has been demonstrated with mercury, cesium, argon, and xenon as t h e  
propellant.  
vices.  Cesium appears t o  be more a t t r a c t i v e  because cathode sput ter ing i s  re- 
duced and propellant u t i l i z a t i o n  i s  higher, and, as a resu l t ,  longer l i f e  and 
higher overal l  rocket e f f ic iency  a r e  promised. The noble gases a re  being con- 
sidered primarily t o  reduce the  mater ia ls  corrosion problems. 
The contact ionizat ion t h r u s t o r  u t i l i z e s  cesium propel lant  vapor and 
Both cesium and mercury have been used i n  operational prototype de- 
Although t h e  electrothermal devices t h a t  have been operated have produced 
o n l y  low-level spec i f ic  impulse (850 t o  1050 see) and have not demonstrated high 
e f f ic ienc ies ,  they remain a t t r a c t i v e  because they produce a s p e c i f i c  impulse i n  
t h i s  range, and t h e i r  e l e c t r i c a l  power input requirements a r e  characterized by 
low voltages and high currents. On the  other hand, t h e  e l e c t r o s t a t i c  devices 
have produced spec i f ic  impulses ranging from 5000 t o  7600 seconds with power 
e f f i c i e n c i e s  ranging from 62 t o  82 percent but require  direct-current voltages on 
t h e  order of a few thousand vol ts .  
Development Status  and Problems 
Prototype versions of t h e  four th rus tor  devices t h a t  have been described 
have been operated i n  t h e  laboratory. Actual performance figures,  or r e a l i s t i c  
performance estimates believed possible within the  next year or l ess ,  a re  given 
i n  t a b l e  11. It i s  seen t h a t  a wide spectrum of s p e c i f i c  impulses i s  being suc- 
cessful ly  pursued ranging from 1000 t o  about 10,000 seconds and at power e f f i -  
c iencies  up t.0 8 2  percent. The spec i f ic  areas a r e  about 0.001 square foot  per  
ki lowatt  f o r  t h e  electrothermal th rus tors  and about 0 .1  square foot  per  kilowatt  
1 1 f o r  t h e  e l e c t r o s t a t i c  devices. Specific weights as low as - and 1- pounds per  4 2 
kilowatt  f o r  t h e  electrothermal and the e l e c t r o s t a t i c  thrustors ,  respectively,  
a r e  indicated.  
p l e t e  thrustors ,  and some of the  more c r i t i c a l  components have shown l i fe t imes  
of a few thousand hours. 
Lifetimes of a few hundred hours have been demonstrated by com- 
The t h r u s t o r  s p e c i f i c  areas t h a t  appear f e a s i b l e  ind ica te  t h a t  some deploy- 
ment of ion  t h r u s t o r s  w i l l  be necessary t o  propel manned spacecraft  a f t e r  launch 
t o  Earth o r b i t  or escape. Probably, a minimum spec i f ic  area will occur f o r  30- 
t o  50-kilowatt t h r u s t o r  modules and w i l l  be about 0.1 square foot  per kilowatt .  
The s p e c i f i c  weight of t h e  e l e c t r o s t a t i c  t h r u s t o r s  i s  higher than desired, 
t h e  l i g h t e s t  being 1.3 pounds per kilowatt. This t h r u s t o r  i s  the  only one i n  
t a b l e  I1 t h a t  was designed with weight i n  mind, and even l i g h t e r  designs a r e  
thought t o  be possible.  (This un i t ,  although designed, has y e t  t o  be b u i l t  and 
t e s t e d . )  
have assumed t h a t  t h r u s t o r  weights w i l l  be about 5 percent of the  powerplant 
weight. I f  t h e  t h r u s t o r  should weigh more, the power supply will have t o  be 
correspondingly l i g h t e r .  
The mission analyses performed t o  date at the  Lewis Research Center 
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Each thrus tor  device has i t s  own requirements f o r  new technology, which re- 
s u l t  because of l i f e ,  power efficiency, or propellant u t i l i z a t i o n  def ic iencies ,  
or various combinations of the three.  Problems r e l a t e d  t o  t h e  four devices of 
i n t e r e s t  will be discussed separately.  
Electrothermal thrustors .  - As an e l e c t r i c  propulsion device, t h e  r e s i s t o  
j e t  i s  promising f o r  several  reasons: (1) It i s  e l e c t r i c a l l y  simple, ( 2 )  it can 
be adapted t o  slmost any power supply voltage (a. e. or d. e. ), and ( 3 )  it does not 
produce e l e c t r i c a l  noise. Unfortunately, the  temperatures t o  which t h e  propel- 
l a n t  m u s t  be heated approach t h e  melting point of tungsten. 
t u r e s  and high flow v e l o c i t i e s  make erosion a serious problem f o r  long l i fe t ime.  
The high tempera- 
Development o f  the  a rc  j e t  has been emphasized more than t h a t  of the  r e s i s t o  
j e t .  Because the  devices a re  similar, many of t h e  mater ia ls  and component prob- 
lems, which a r e  common t o  both, a r e  being investigated.  
Electr ical ly ,  t h e  a r c  j e t  i s  more complex than t h e  r e s i s t o  j e t ,  but  l e s s  
complex than the  e l e c t r o s t a t i c  thrustors .  The a rc  j e t  i s  more d i f f i c u l t  t o  start  
and operate stably, l a rge ly  because of t h e  negative resis tance c h a r a c t e r i s t i c  of 
t h e  arc. It produces more e l e c t r i c a l  noise and i s  not as f l e x i b l e  . in  adapting 
t o  power supplies as the r e s i s t o  j e t .  Because of the  low spec i f ic  impulses pro- 
duced by the electrothermal devices, a rc  j e t s  a r e  not present ly  being considered 
as serious candidates f o r  manned interplanetary missions, but r a t h e r  f o r  Earth 
s a t e l l i t e  a t t i t u d e  control  or lunar  f e r r i e s .  Because they m a y  eventually even 
be a t t r a c t i v e  f o r  manned missions, a r c  j e t s  appear i n  t h i s  discussion. 
Elec t ros ta t ic  thrustors .  - The contact ionizat ion t h r u s t o r  i s  probably the  
oldest  concept f o r  e l e c t r i c  propulsion. This concept i s  simpler, e l e c t r i c a l l y ,  
than t h e  electron bombardment thrustor ,  and i t s  propellant u t i l i z a t i o n  can poten- 
t i a l l y  approach 95 percent. The power eff ic iency f o r  t h i s  device i s  severely 
l imi ted  because heat is  radiated from t h e  ion izer  surface d i r e c t l y  t o  space. 
Since t h e  heat loss i s  e s s e n t i a l l y  constant f o r  a given ion izer  temperature, it 
i s  necessary t o  operate a t  a high spec i f ic  impulse t o  r a i s e  t h e  r a t i o  of beam 
power t o  t o t a l  power input. This implies t h a t  f o r  t h e  contact ionizat ion 
t h r u s t o r  a lower l i m i t  of s p e c i f i c  impulse e x i s t s  below which i t s  power e f f i -  
ciency i s  not acceptable. I n  order t o  improve t h e  power efficiency, it i s  de- 
s i r a b l e  t o  operate t h e  ion izer  at a high current density t o  minimize i t s  heat 
rad ia t ing  area. Unfortunately, t h i s  leads t o  an increased loss of un-ionized 
propellant.  This balance between t h e  propellant l o s s  and the  heat loss  occurs 
near 9 5 percent propellant u t i l i z a t i o n .  
Operation of the  ion izer  at high temperatures brings about serious,  irre- 
vers ib le  property changes i n  t h e  ionizer.  
t e r  and, as the pore s izes  increase, propellant losses  increase. 
The porous mater ia l  continues t o  sin- 
The propellant l o s s  i s  of consequence for two reasons: The f i r s t  i s  t h e  
payload weight penalty, and t h e  second, and most serious,  i s  due t o  t h e  existence 
of neutral  p a r t i c l e s  i n  the  exhaust beam. When un-ionized atoms e x i s t  i n  the  
accelerator space, a predictable  port ion of these  neut ra l s  i n t e r a c t s  with the  
high-velocity ions, and charge exchange r e s u l t s .  As a resu l t ,  an ion having 
essent ia l ly  zero veloci ty  suddenly appears at a place i n  t h e  accelerator  space 
where it should have a very high a x i a l  v e l o c i t y  along the  l i n e  of t h r u s t .  
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Thus, 
t h e  new ion can only accelerate  toward the accelerator s t ruc ture  where it im- 
pacts  at high v e l o c i t i e s  and causes erosion and subsequent loss  of t h e  c r i t i c a l  
electrode shape. This damage can l i m i t  the  l i f e  of the accelerators  t o  a few 
hundred hours. 
progress i s  being made. 
Much research i s  being conducted i n  each of these areas, and 
The e lec t ron  bombardment thrus tor  i s  being developed because it avoids the  
high-temperature ion izer  problems and i s  not as sens i t ive  t o  current densi ty  as 
t h e  contact ion iza t ion  thrustor .  It does, however, introduce other  almost as 
s e r  i ous problems. 
Propellant u t i l i z a t i o n  i s  not as good as with t h e  contact ionizat ion thrus- 
t o r ,  typ ica l ly  ranging from 80 t o  a l i t t l e  over 90 percent. 
l i z a t i o n  introduces similar problems with the electron bombardment t h r u s t o r  as 
with t h e  contact ionizat ion thrustor .  
Poor propel lant  u t i -  
Thrustor Performance Potent ia l  
The t h r u s t o r  devices t h a t  a r e  current ly  being developed promise t o  meet a 
whole spectrum of spec i f ic  impulse requirements f o r  various missions. A compari- 
son of power e f f ic iency  p l o t t e d  against  specif ic  impulse f o r  the devices t h a t  
have been discussed i s  given i n  f igure  4. Although a spec i f ic  impulse of only 
1000 seconds has been experienced t o  date, the electrothermal devices have the  
p o t e n t i a l  capabi l i ty  of 1500 seconds. For the contact ionizat ion devices, porous 
tungsten ion izers  capable of producing higher current dens i t ies  along with possi- 
b i l i t i e s  f o r  improved propellant u t i l i z a t i o n  promise t o  provide e f f i c i e n c i e s  ap- 
proaching 9 0 percent. Improved e lec t ron  bombardment emit ters  and p o s s i b i l i t i e s  
f o r  improved propel lant  u t i l i z a t i o n  promise e f f ic ienc ies  up t o  90 percent f o r  the  
e lec t ron  bombardment devices. Experience with prototype e lec t ron  bombardment 
t h r u s t o r s  ind ica tes  t h a t  spec i f ic  weights may be 1 pound per kilowatt  or less. 
a e c i f i c  areas f o r  ion thrusters a r e  currently about 0.1 square foot  p e r  ki lo-  
w a t t ,  which appears applicable t o  manned missions i f  provisions are  made t o  de- 
ploy some of t h e  t h r u s t o r  modules. 
I n  summary, th ree  t h r u s t o r  concepts a r e  nearing engineering phases of de- 
velopment. 
1963 and 1965j t h e  f irst  t e s t  i s  scheduled f o r  summer 1963. Ion accelerat ing 
e f f i c i e n c i e s  a r e  near theore t ica l ,  but there  i s  much room for improvement i n  t h e  
process of propel lant  ionization. Ef for t s  t o  improve ionizat ion and propel lant  
u t i l i z a t i o n  e f f i c i e n c i e s  t o  reduce power requirements and increase payload and 
l i f e  capabi l i ty ,  respectively,  a re  being performed under several  NASA contracts.  
I n  addition, heater  co i l ,  nozzle, ionizer, and electron bombardment cathode mate- 
rial c a p a b i l i t i e s  a r e  being invest igated by NASA. 
The two e l e c t r o s t a t i c  th rus tors  are scheduled f o r  f l i g h t  t e s t i n g  i n  
The most troublesome problem has been the e lec t ron  emi t te r  l i fe t ime.  Long- 
l i f e  emit ters  have been b u i l t ,  but they represent t h e  r e s u l t s  of a very rugged 
brute-force approach, and poor power efficiency has resulted.  A NASA contract  
cur ren t ly  e x i s t s  t o  develop a cesium electron bombardment ionizat ion source, 
which employs a ces ia ted  cathode. Since t h e  propellant i s  also cesium, t h e  cath- 
ode can be self-heated by bombardment with energetic cesium t o  maintain i t s  
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temperature. 
demonstrated f o r  more than  a few hours. 
Such a device promises long-l i fe  performance, but has y e t  t o  be 
Three nuclear-reactor-powered space electric-generating systems are  under 
development: t h e  SNAP-lOA, the  SNAP-2, and t h e  W - 8 .  The SNAP-1OA i s  a 
500-watt, 900° F nuclear reac tor  system incorporating thermoelectric power con- 
version and weighing about 800 pounds per  kilowatt .  
1200° F nuclear reactor  system with a mercury Rankine cycle power-conversion sys- 
tem and weighs approximately 250 pounds per  kilowatt .  SNAP-8, a 35-kilowatt, 
1300' F mercury Rankine cycle system, i s  similar t o  SNAP-2 and weighs about 
150 pounds per kilowatt. All these s p e c i f i c  weights include nominal shielding 
f o r  electronics.  The spec i f ic  weights and power l e v e l s  are summarized i n  f i g -  
ure  5, where they are compared with t h e  requirements of t h e  advanced powerplants. 
It i s  apparent t h a t  considerable advance i n  t h e  state of t h e  art i s  needed t o  
achieve the performance required, which f o r  e l e c t r i c  propulsion i s  l e s s  than 
SNAP-2 i s  a 3-kilowatt, 
I 30 pounds per  kilowP.tt at temperatures exceeding 2000° F. 
F l igh t  Test Programs 
Within the next 2 years and beginning t h i s  summer, f l i g h t  t e s t s  of e lectro-  
s t a t i c  thrustor  devices a re  planned. The f i r s t ,  SERT-I, i s  t o  determine t h r u s t  
capabi l i ty  and the  p o s s i b i l i t y  of neut ra l iza t ion  of the  departing p a r t i c l e s  i n  
space. Next, the  SERT-I11 t e s t  w i l l  check out t h e  a t t i t u d e  control  capabi l i ty  
of ion  thrustors  by incorporating them i n  a 24-hour synchronous s a t e l l i t e .  
Third, the SERT-I1 t e s t  i s  not as well defined, but current  plans a r e  t o  incor- 
porate it i n t o  a 180-day Earth o r b i t  s a t e l l i t e  t o  study long-term e f f e c t s  of t h e  
space environment. The t e s t s  will incorporate 0.5-, 1-, and 3-kilowatt ion 
thrustors ,  respectively.  SERIT-I w i l l  have a contact ionizat ion and an e lec t ron  
bombardment thrus tor  on board, SERT-I11 w i l l  include several  contact ion iza t ion  
thrustors,  and SERT-I1 i s  presently scheduled t o  be a contact ionizat ion thrus- 
to r .  Because electron bombardment thrus tors  a r e  progressing rapidly,  they may be 
used f o r  t h e  SEBT-11 t e s t  instead. 
EI;ECTRIC POwEFIFmS 
Power Supplies of I n t e r e s t  
The e l e c t r i c a l  power supply i s  t h e  heaviest  subsystem of t h e  e l e c t r i c  en- 
gine, po ten t ia l ly  t h e  l e a s t  re l iab le ,  and the  most d i f f i c u l t  t o  develop. A t  
present, there  i s  no power system f l i g h t  hardware under development t h a t  ap- 
proaches the  performance required f o r  e l e c t r i c  propulsion applications.  There 
are, however, technology programs, such as t h e  A i r  Force's SPUR, t h e  AEC' s 
SNAP-50, and NASA's advanced system, t h a t  may some day provide s u f f i c i e n t  da ta  
t o  design such hardware. 
Because the power supplies of i n t e r e s t  all require  a nuclear reac tor  heat 
source, the primary difference between power supplies i s  i n  power conversion. 
Power-conversion schemes of p o t e n t i a l  i n t e r e s t  a re  t h e  Rankine cycle, the  Brayton 
cycle, thermionic conversion, thermoelectric, and magnetohydrodynamics. O f  these  
f i v e  schemes, only the  Rankine cycle, thermionic, and magnetohydrodynamics 
present ly  show promise f o r  manned missions. 
t i v e l y  low r a d i a t o r  temperatures, and, consequently, t h e  powerplant i s  too heavy. 
The thermoelectric-conversion scheme operates a t  low temperatures, i s  r e l a t i v e l y  
low. i n  efficiency, and i s  consequently too heavy. Magnetohydrodynamics shows 
promise, but the  technology i s  presently not f a s  enough advanced t o  be discussed 
r e a l  i s t i c a l l y .  
The Brayton cycle requires  re la -  
Rankine Cycle Powerplant 
The Rankine cycle appears t o  be t h e  best  dynamic conversion scheme for space 
e l e c t r i c  propulsion appl icat ions because: 
c i e s  c losely approaching the  Carnot efficiency, and ( 2 )  it r e j e c t s  and adds heat 
at constant temperature, which reduces the weight of t h e  heat-reject ion system 
Rankine cycle. Disadvantages are! (1) the  requirement of r e l a t i v e l y  ac t ive  
cycle f l u i d s  f o r  operation at high temperatures, and ( 2 )  t h e  introduct ion of 
problems of two-phase flow i n  zero gravi ty  and moisture handling i n  t h e  turbo- 
machinery. Figure 6 i s  a schematic of a t y p i c a l  Rankine space nuclear powerplant 
incorporating multiple turboal ternators  and radiators .  Based on l imi ted  present- 
day knowledge, t h i s  version of t h e  Rankine cycle appears t o  be the  b e s t  choice 
f o r  an advanced nuclear space e l e c t r i c  system and should be considered only a s  a 
reference cycle. Other combinations of the  components a re  possible, and, as 
technology advances, t h i s  reference concept may change. 
(1) It has r e l a t i v e l y  high e f f ic ien-  
Powerplant description. - The basic  Rankine cycle cons is t s  of a b o i l e r ,  a 
turbine f o r  converting high-pressure vapor in to  mechanical energy, a condenser, 
and a pump t o  r e c i r c u l a t e  the  condensate t o  the boi le r .  Potassium, sodium, 
cesium, and rubidium a r e  p o t e n t i a l  cycle f luids .  To date, although a p a r t i c u l a r  
cycle f l u i d  has not been selected, t h e  emphasis i n  the  technology programs has 
been on potassium. 
The heat source i n  t h e  reference cycle i s  a liquid-cooled f a s t  reac tor  with 
the  coolant c i rcu la ted  by a motor-driven ro ta t ing  pump. 
the  most promising coolant f o r  the  heat source. A liquid-cooled f a s t  reac tor  i s  
incorporated i n  the  reference cycle because it provides the most compact, l i g h t -  
weight reac tor  and sh ie ld  combination. 
Lithium appears t o  be 
. The reference cycle incorporates a l iqu id  coolant loop f o r  the  primary heat- 
r e j e c t i o n  system. It cools the condenser and t r a n s f e r s  t h e  heat t o  t h e  radiator ,  
where it i s  r e j e c t e d  i n t o  space. 
c i l i t a t e s  segmenting of t h e  radiator ,  which thus reduces t h e  probabi l i ty  of fa i l -  
ure  due t o  meteoroid puncture. 
s t a r t u p  and spacecraf t  in tegra t ion  by reducing t h e  requirements for preheating 
t h e  r a d i a t o r  t o  provide high condenser pressures needed f o r  pumping 2nd should 
concentrate t h e  handling of two-phase flow i n  a few r e l a t i v e l y  s m a l l  heat ex- 
changers. Sodium potassium (NaK) and li thium are  t h e  more l i k e l y  candidates f o r  
t h e  f l u i d s  f o r  a l l  coolant loops. 
charac te r i s t ics ,  and NaK has advantages because i t s  lower melting temperature 
should red&e freezing problems previous t o  startup. 
This coolant loop i s  desirable  because it fa-  
The coolant loop a l so  s implif ies  powerplant 
Lithium has more desirable  heat- t ransfer  
The powerplant will also require a number of secondary heat-reject ion loops 
f o r  cooling t h e  a l te rna tor ,  controls, power conditioning, reactor  shield,  reactor  
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re f lec tor ,  pump, reac tor  control-drive motors, and bearings. These loops m q  
incorporate segmenting f o r  redundancy t o  improve r e l i a b i l i t y .  
The powerplant requires a cont ro l  system f o r  s t a r t u p  t o  compensate f o r  reac- 
t o r  burnup, control reactor-out le t  temperature, prevent overspeed of t h e  turbo- 
a l te rna tor ,  and control  a l t e rna to r  frequency and voltage. Although an extensiv? 
study of t h e  control  problem has not been made, it appears t h a t  a cont ro l  concept 
s i m i l a r  t o  t h a t  used on SNAP-8 mw be sui table .  This involves r e f l e c t o r  control  
t h a t  var ies  neutron leakage t o  control  t he  reac tor  power l e v e l  and compensate 
f o r  burnup. 
e l e c t r i c a l  l o a d  control  t h a t  var ies  t h e  a l t e r n a t o r  e l e c t r i c a l  load. 
control led by varying the  f i e l d  current  i n  t h e  a l t e r n a t o r  windings. 
Frequency and turb ine  r o t a t i o n a l  speed are  control led by a p a r a s i t i c  
Voltage i s  
An addi t ional  d i f f i c u l t y  t h a t  w i l l  be encountered on long missions at high 
powers i s  excessive burnup i n  the  reactor .  The powerplant may have t o  be oper- 
a ted  at low power ( id led)  during coast  phases of t he  t r a j e c t o r y  r a the r  than 
operated at f u l l  power with excess e l e c t r i c a l  energy d iss ipa t ion  i n  t h e  p a r a s i t i c  
load t o  minimize burnup. While controls  f o r  i d l i n g  have not been investigated,  
t he re  i s  a poss ib i l i t y  of incorporating a cont ro l  valve at t h e  b o i l e r  i n l e t ,  
which along with su i tab le  reac tor  cont ro l  would reduce b o i l e r  f l o w  and t h e  reac- 
t o r  power required t o  maintain a given o u t l e t  temperature during the  idle phase. 
The s t a r tup  system i s  not shown i n  f igu re  6, pr imari ly  because t h i s  a rea  has 
not ye t  been investigated.  
larly complicated as it i s  necessary t o  start t h e  powerplant i n  o r b i t  t o  s a t i s f y  
nuclear safety requirements, and many of t he  f l u i d s  used i n  t h e  powerplant f reeze 
at temperatures above the  space equilibrium temperature. An addi t iona l  start  
problem r e s u l t s  from a pump requirement f o r  a reasonable i n l e t  pressure before 
s t a r t i ng .  For the  cycle f l u i d s  of i n t e r e s t ,  t h i s  requires  a condenser tempera- 
t u r e  i n  excess of 1000° F. 
being invest igated f o r  SNAP-8 w i l l  be  su i t ab le  for t he  advanced Rankine system, 
but, as the problems are  considerably more severe with alkali-metal  cycle f lu ids ,  
t h i s  area s t i l l  requires  considerable invest igat ion.  
Star tup i n  the  Rankine cycle powerplant i s  par t icu-  
It appears t h a t  a s t a r tup  concept s i m i l a r  t o  t h a t  
Development s t a t u s  and problems. - Reactor: The AEC has two programs at 
Pratt & Whitney, t he  Lithium Cooled Reactor Experiment (LCRE) and t h e  SNAP-50, 
t h a t  should provide technology f o r  a high-temperature, high-powered, fast ,  
liquid-metal-cooled r eac to r  capable of operation i n  space. The LCRE i s  a ground 
experiment designed t o  demonstrate t h e  operation of a high-temperature, l i thium- 
cooled, UOZ-Be0 fueled, f a s t  reac tor  with a power output of about 10 megawatts 
thermal. SNAP-50 i s  s imilar  t o  the  LCFLE; but, ins tead  of being designed f o r  a 
ground experiment, SNAP-50 i s  being developed for space by reducing weight and 
auxi l ia ry  requirements. 
Boiler and condenser: There i s  present ly  su f f i c i en t  background i n  bo i l ing  
and condensing t o  design heavy b o i l e r s  and condensers t h a t  can operate success- 
fu l ly .  They are  heavy because the re  a re  l imi ted  da ta  on both bo i l ing  and con- 
densing heat-transfer coef f ic ien ts ,  pressure drops, and the  s t a b i l i t y  of a l k a l i  
metals. This lack of da ta  requi res  t h a t  t h e  component be overdesigned, which 
increases  weight. However, da ta  t h a t  should remove t h i s  l imi t a t ion  a re  being 
obtained i n  these  areas from at l e a s t  f i v e  major  hea t - t ransfer  programs. 
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Turbine: Alkali-metal turbines  can now be designed by using t h e  same tech- 
niques as present ly  used f o r  steam, mercury, and gas. The higher temperature 
must be considered i n  the  s t r u c t u r a l  design, and the  increased problems of mois- 
ture ,  handling, and erosion e f f e c t s  must a l s o  be considered. Before optimum 
eff5ciency and l i f e  a r e  obtained, considerable turb ine  t e s t i n g  w i l l  be required. 
Todate ,  t h e r e  a re  e s s e n t i a l l y  no t e s t  da ta  on alkali-metal  turbines ,  bu t  two 
turb ine  t e s t  r i g s  a r e  scheduled t o  start  operation t h i s  year  t h a t  should provide 
some of t h e  required t e s t  data. 
Pumps: There i s  considerable experience under the  Aircraf t  Nuclear Propul- 
s ion (ANP) program on t h e  pumping of high-temperature a l k a l i  metals t h a t  can be 
appl ied t o  an advanced Rankine cycle system. An extension of these  da ta  i s  re- 
quired, however, f o r  a b e t t e r  understanding of t h e  cavi ta t ion  problems t h a t  can 
occur i n  a Rankine system where l o w  pump i n l e t  pressures at high r o t a t i o n a l  
speeds a re  encountered. This problem might be circumvented by the  use of booster  
pumps, subcooling, higher condensing pressures, and lower r o t a t i o n a l  speeds, i f  
t h e  addi t iona l  complexity and weight could be accepted. 
Radiators: I n  la rge  space powerplants, the rad ia tor ,  because of i t s  l a rge  
surface a rea  and t h e  meteoroid pro tec t ion  required, becomes the  heaviest  s ing le  
component i n  the  e l e c t r i c  engine. High-temperature (1600O F) r ad ia to r s  can bc 
fabr ica ted  today out of common materials ( s t e e l  and/or copper with high- 
emissivi ty  coat ings) .  Lower temperature radiators  ( 700° F) can be constructed 
of aluminum. With these  radiators, t h e  meteoroid protect ion would be provided 
by armor. With conventional materials,  even a t  high temperatures, armored radia-  
t o r s  a r e  qu i t e  heavy; thus, development i s  proceeding on improved r ad ia to r  m a t e -  
rials, such as beryllium, niobim,  and molybdenum, and b e t t e r  pro tec t ion  tech- 
niques t h a t  could reduce weight. 
L i t t l e  i s  present ly  known about meteoroid flux, meteoroid composition, or 
t h e  e f f e c t  of hypervelocity impact on ma%erials and s t ructures .  An extensive 
program i s  under way i n  th i s  a rea  t h a t  includes space experiments, g rea te r  use of 
ground observations, and an extensive impact program. It i s  expected t h a t  within 
3 years  s u f f i c i e n t  engineering da ta  will be avai lable  t o  engineer a design for 
meteoroid protect ion.  A t  present, meteoroid data vary by severa l  orders of mag- 
nitude. 
Power-generating and -conditioning equipment: The major e l e c t r i c a l  compo- 
nents a r e  t h e  a l t e rna to r ,  t h e  transformer, and t h e  r e c t i f i e r s .  The magnetic -.-? 
i n su la t ing  mater ia l s  cur ren t ly  ava i lab le  l i m i t  t h e  a l t e r n a t o r  and transforme; ,. 
operating temperatures of 5000 t o  800° F. State-of-the-art semiconductor mate- 
r ials l i m i t  so l id - s t a t e  r e c t i f i e r s  t o  operating temperatures of 1800 t o  2300 F. 
These components must r e j e c t  approximately 6.0, 0.8, and 1.5 percent of t he  
energy they handle as waste heat, respectively.  Any increase i n  operating tem- 
perature  capab i l i t y  w i l l  ease the  heat-re ject ion problem, e spec ia l ly  f o r  t h e  al- 
te rna tor ,  because of i t s  higher ineff ic iency.  
To achieve increases  i n  allowable operating temperatures, magnetic mater ia ls  
with imprmed high-temperature permeabili ty and physical strength,  insu la t ing  
mater ia l s  with improved high-temperature d i e l ec t r i c  strength,  and semiconductor 
o r  g a s - f i l l e d  r e c t i f i e r s  capable of operation at high temperatures must be devel- 
oped. Programs t o  inves t iga te  and develop such material and devices are being 
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conducted under NASA and A i r  Force contracts.  
The in tegra t ion  of the  a l t e r n a t o r  i n t o  a turboal ternator  u n i t  poses several  
development problems. State-of-the-art a l t e r n a t o r  technology i s  only adequate 
f o r  t h e  development of moderate-speed, low-temperature components. 
the integration, it i s  desirable  t o  develop high-rotational-speed machines along 
with the higher temperature capabi l i ty  discussed previously. Alternator  and 
power-conditioning design s tudies  a re  being performed under a NASA contract.  
To simplify 
Thermionic Powerplant 
Thermionic conversion current ly  appears t o  be the  b e s t  s t a t i c  conversion 
scheme for space e l e c t r i c  propulsion applications.  Thermionic converters con- 
s i s t  of two e l e c t r i c a l l y  insulated electrodes, one hot and one cold, as shown by 
f igure  7. Electrons a re  emitted from the  hot surface, t ransported through an 
ionized interelectrode vapor, and col lected at the  cold surface. By proper se- 
l e c t i o n  of mater ia ls  and geometry and control  of temperatures, a p o t e n t i a l  of 
about 1 volt  i s  produced, which enables t h e  electrons t o  do work i n  an ex terna l  
c i r c u i t  . 
Coupling of thermionic converters with a f i s s i o n  reactor  heat source may be 
accomplished by placing t h e  thermionic converters within, or external  to ,  the  
reactor.  
the  heat exchanger, or radiator .  I n  these systems t h e  emit ter  temperatures cor- 
respond t o  liquid-metal reac tor  coolant temperatures. Conceptual "in-pile" sys- 
tems incorporate converters i n  the  reac tor  f u e l  element where emit ter  tempera- 
t u r e s  correspond t o  f u e l  temperatures. Thermionic systems f o r  e l e c t r i c  propul- 
sion application must have emit ter  temperatures of about 3000° F or higher. Be- 
cause the in-pi le  concept requires a 3000° F or higher f u e l  material without t h e  
need f o r  a 3000° F or higher liquid-metal containment material, only t h e  in-pi le  
system i s  current ly  of i n t e r e s t  f o r  e l e c t r i c  propulsion application. 
Conceptual "out-of-pile" thermionic systems incorporate converters i n  
Powerplant description. - A schematic of an in-pi le  thermionic powerplant 
t h a t  has the p o t e n t i a l  of producing multi-megawatts of power f o r  t h e  missions of 
i n t e r e s t  i s  presented i n  f igure  8. The thermionic converters, which are an in- 
tegrd. .  par t  of t h e  reac tor  fuel elements, are heated d i r e c t l y  by t h e  f u e l  and 
cooled by the  l i q u i d  metal c i rcu la ted  through t h e  reactor. 
The e l e c t r i c  energy output of t h e  converters i s  conducted from t h e  thermi- 
onic reactor  through bus bars  t o  t h e  power-conditioning equipment t h a t  t a i l o r s  
the  reactor output t o  t h r u s t o r  needs. At t h e  multi-megawatt level ,  hundreds of 
these thermionic f u e l  elements must be contained within t h e  reactor,  and each 
f u e l  element m a y  contain from 10 t o  20 converters. The converters a r e  connected 
i n  ser ies  and ser ies -para l le l  networks t o  provide a reasonable voltage output and 
a measure of redundancy. 
The liquid-metal coolant from t h e  reac tor  i s  c i rcu la ted  by a pump to heat 
exchangers t h a t  a r e  connected i n  para l le l .  Liquid-metal coolant t r a n s f e r s  t h e  
heat from each heat exchanger t o  t h e  main radiator ,  which i s  segmented. 
powerplant schematic shown, there  i s  one r a d i a t o r  segment f o r  each heat 
For t h e  
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exchanger. Auxiliary cooling systems a r e  used t o  maintain t h e  temperatures of 
the*cesium rese rvo i r  and the  power-conditioning equipment at t o l e r a b l e  levels .  
I n  addition, a cooling system may be required f o r  t he  reac tor  shield.  
* To achieve a t t r a c t i v e  e f f ic ienc ies  and system weights, t h e  operating range 
f o r  emi t te r  surface temperatures must be 2800O t o  3500O F, wi th  co l l ec to r  tem- 
peratures  of 1250° t o  1900° F. 
The thermionic reac tor  constructed by assembling arrays of thermionic fuel 
elements has a fast neutron energy spectrum f o r  compactness and reduct ion of t h e  
shielding weight. Because t h e  output of thermionic converters i s  very sens i t i ve  
t o  temperature, nearly f la t  axial and radial power d i s t r ibu t ions  are desired 
throughout t he  l i f e  of t he  reactor .  Studies indicate  that peak t o  minimum power 
d i s t r i b u t i o n  values of about 1 . 4  a re  needed f o r  reasonable e f f ic ienc ies .  Small 
reac tors  can be control led by varying. neutron leakage with r e f l ec to r s .  However, 
f o r  t h e  l a rge  cores of i n t e re s t ,  t h e  control  perturbations a t  the  center  of t h e  
core caused by t h e  r e f l ec to r s  m a y  be ineffective,  and other  schemes for control  
may have t o  be provided. 
The power-conditioning equipment required f o r  a thermionic powerplant must 
Include inve r t e r s  t o  convert t h e  d€rect-current output of t he  thermionic con- 
ve r t e r s  t o  a l t e rna t ing  current,  i n  addi t ion  t o  transformers and r e c t i f i e r s  s i m i -  
lar t o  those required f o r  a Rankine cycle powerplant. 
Development s t a t u s  and problems. - The technology required t o  design thermi- 
onic powerplant hardware i s  i n  the  ear ly  phases of being developed. There i s  
l i t t l e  experience i n  t h e  design and construction of thermionic f u e l  elements, and 
development programs comparable t o  t h e  SNAP-2, -8, and -50 are nonexistent f o r  
thermionic powerplants. The thermionic powerplant technology program i s  con- 
cerned with providing new mater ia l s  and device configurations capable of perform- 
ing r e l i a b l y  i n  highly s t r e s sed  environments (temperatures up t o  4100° F i n  t h e  
event of a converter open-circuit f a i lu re ,  high r ad ia t ion  fluxes,  and corrosive 
ac t ive  metal  atmospheres) f o r  long t i m e s .  
cab1 
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Results from t h e  current development program f o r  advanced systems a r e  appli-  
The program includes a study of electromagnetic 
e t o  t h e  pump, heat exchanger, and radiator components of both t h e  Rankine 
.e and thermionic powerplant. 
pump concepts and invest igat ions of lightweight, high-temperature r ad ia to r  mate- 
rials and configurations.  Components unique t o  t h e  thermionic powerplant pose 
problems t h a t  c r ea t e  'hake or break" areas  of concern. These problems and t h e  
s t a t u s  of a c t i v i t i e s  t o  solve them are discussed i n  t h e  following paragraphs f o r  
t h e  thermionic fuel element, thermionic reactor, and d-c t o  a-c inve r t e r  compo- 
nents, respect ively,  
Thermionic fue l  element! The mel-emit ter  combination or "me1  form," the  
insu la tors ,  and t h e  metal-ceramic seal present t h e  mos t  challenging mater ia l s  
problems. Representative converter configurations, both single- and mul t i -ce l l  
modules, will have t o  be operated successfully i n  t h e  laboratory and reac tor  en- 
vironments. Ac t iv i t i e s  t o  demonstrate t h e  f e a s i b i l i t y  of a fu l l - sca l e  thermionic 
f u e l  element can then begin. 
Fuel form: For t h e  fuel form, handling of t h e  gaseous f i s s i o n  products and 
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compatibility of the  f u e l  with good thermionic emit ter  mater ia ls  a re  major re- 
quirements. Ideally,  the  f u e l  form should contain the f i s s i o n  product gases ' 
without swelling and a l so  provide a su i tab le  electron-emitting surface. 
proach t h i s  condition, thcre  i s  strong incentive t o  develop re f rac tory  metal-clad 
f u e l  forms having refractory metal matrices t o  strengthen the fuel-form struc: 
ture .  
To ap- 
In-pile screening t e s t s  of c lad and bare f u e l  forms are  current ly  being 
performed under AEC and NASA sponsorship t o  determine f i s s i o n  product containment 
and fuel-emitter compatibility cha rac t e r i s t i c s  i n  the  rad ia t ion  environment. If 
containment is  not feas ib le ,  the  products w i l l  have t o  be vented d i r e c t l y  t o  
space, vented via the interelectrode gap by f lushing in te rmi t ten t ly  or  continu- 
ously t o  space, or both. The e f f ec t  of f i s s i o n  gases within the  in te re lec t rode  
space on thermionic performance i s  being invest igated by NASA, MC, Air Force, 
and Navy contractors. 
The compatibil i ty of f'uel and emit ter  mater ia ls  i s  a l so  current ly  being in- 
vestigated by several  Government contractors. Tungsten, the highest melting 
temperature refractory metal, has been the  most canpatible emit ter  mater ia l  with 
the  candidate fuels ,  U02 and UC near a temperature of i n t e r e s t  (3272O I?) during 
1000-hour furnace t e s t s .  Other advanced mater ia l  combinations a re  promising and 
are  being developed. 
consti tuents t o  the  emitting surface. This phenomenon and i t s  influence on 
thermionic perfomance a re  being studied under ex is t ing  RAM and Air Force con- 
t r a c t s .  
Another aspect of  compatibil i ty i s  t h e  diffusion of f u e l  
The containment, compatibility, and emission-diffusion behavior of t he  bes t  
candidate mater ia ls  i n  simulated operating environments f o r  much longer times 
must be investigated t o  designate a f u e l  form f o r  the thermionic f u e l  element 
f e a s i b i l i t y  demonstration. Fuel-form a c t i v i t y  i s  pacing the  progress of t he  
themionic  powerplant mater ia ls  technology program. 
Insulators:  Two d i f f e ren t  insu la tors  a re  required. The thin,  lar- 
temperature in su la to r  located between the  co l l ec to r  and the outer  c lad of the  
thermionic f u e l  element m u s t  have high d i e l e c t r i c  s t rength propert ies  and be im- 
pervious t o  the  interelectrode vapor. This insu la to r  e l e c t r i c a l l y  i s o l a t e s  t he  
thermionic converters frm the  reac tor  liquid-metal coolant and allows the  con- 
ver te rs  t o  be connected i n  s e r i e s  and achieve higher voltages and lower current 
outputs t o  the  power-conditioning equipment. 
AEC contract t o  f ab r i ca t e  sandwiched s t ruc tures  and t o  evaluate the  e f f e c t s  of 
alkali-metal attack and rad ia t ion  on in su la to r  properties.  
Tests a re  being conducted under 
The second insulator ,  a high-temperature insulator ,  i s  required t o  support 
one end of the emit ter  and must withstand voltages corresponding t o  t h e  output 
of a s ingle  converter ( l e s s  than 1 v). The propert ies  of bulk insu la tor  mate- 
rials in  cesium and rad ia t ion  environments at temperatures of i n t e r e s t  (up t o  
2910° F) are being invest igated by contractors  f o r  the  Navy, t h e  AEC, and NASA. 
The f a i lu re  of a high-temperature in su la to r  couldmean the  loss of output from 
a s ingle  converter, whereas breakdown of t h e  low-temperature insu la tor  could lead  
t o  a major degradation i n  output power. 
Metal-ceramic seals t  Metal-to-ceramic joining capabi l i ty  i s  required at 
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many d i f f e r e n t  loca t ions  throughout t h e  thermionic fuel element s t ructure .  Good 
bonding f o r  low thermal res i s tance  i s  required f o r  t h e  low-temperature in su la to r  
sandwich, l e a k t i g h t  metal-to-ceramic j o i n t s  may be required between adjacent 
emisters i f  t h e  f i s s i o n  gases are vented d i r ec t ly  t o  space, and a metal-to- 
ceramic seal i s  required t o  contain the  in te re lec t rode  vapor. 
of Ships is  cur ren t ly  sponsoring a program t o  develop high-temperature m e t a l -  
ceramic seals- 
thermionic converter programs and, also, other programs within industry t o  de- 
velop products (Le , ,  lamps, e lec t ronic  tubes, etc.) f o r  t h e  space, m i l i t a r y ,  and 
commercial markets. 
The N a v y ' s  Bureau 
Ac t iv i t i e s  f o r  improved s e a l s  are necessar i ly  a p a r t  of a l l  
Converter modules: The materials technology is  incorporated i n t o  operating 
devices by constructing and t e s t i n g  s ingle-  and mul t i -ce l l  converter modules. I n  
t h e  mul t i -ce l l  modules, t h e  c e l l s  have a common envelope and in te re lec t rode  vapor 
reservoir ,  With each addi t iona l  ce l l ,  a new se t  of material and geometry prob- 
l e m s  i s  encountered, 
Fuel forms and in te re lec t rode  vapors and geometries are being inves t iga ted  
i n  single cel ls .  
t o  i nves t iga t e  t h e  character  of e l e c t r i c a l  interplay between cel ls .  End sup- 
ports ,  i n t e r c e l l  connections, and i n t e r c e l l  venting s t ruc tu res  (where thought 
necessary) a r e  being invest igated i n  dual-cel l  modules. After  successful  tri- 
c e l l  module i n - p i l e  tests, thermionic f u e l  element mockups and demonstration 
u n i t s  can be constructed. 
Individual  c e l l s  a r e  being connected i n  se r i e s -pa ra l l e l  a r rays  
For successful  operation, the s ingle-  and mul t i - ce l l  module s t ruc tu res  must 
When t h e  s t ruc tu res  have been developed f o r  s teady-state  and t r an -  
demonstrate that they possess the  power output and l i f e  capab i l i t i e s  required f o r  
application. 
s i e n t  operation i n  simulated environments f o r  shor t  durations, long-time degrada- 
t i o n  e f f e c t s  and f a i l u r e  mechanisms must be eliminated or control led,  
One of the most ser ious f a i l u r e  modes i s  expected t o  be the occurrence of an 
open-circuit  f a i lu re ,  Because t h e  cells w i t h i n  t h e  thermionic f u e l  element are 
connected i n  ser ies ,  a mechanical f a i lu re ,  or zero load  condition, which i n t e r -  
rup ts  the cur ren t  flow, would eliminate the  electron cooling paths of all the 
emit ters  i n  t h e  p a r t i c u l a r  series c i rcu i t .  It is estimated t h a t  50 t o  60 percent 
of t h e  heat energy generated by f i s s i o n  i s  removed from t h e  f u e l  forms through 
these  paths, As  a r e su l t ,  fuel-form temperatures would rise 800° t o  900° F above 
t h e  normal operating temperatures, as high as 4100' F. Mechanisms f o r  correct ing 
or  t o l e r a t i n g  t h e  overtemperature conditions must be thorougUy investigated,  
To date, a s ing le -ce l l  module has produced power f o r  more than 8500 hours 
without degradation. The results demonstrate t h a t  t h e  same thermionic e lectrodes 
and cesium plasma are capable of operating f o r  long t i m e s  i n  a nonnuclear envi- 
ronment. This module w a s  constructed and operated by the General  E l e c t r i c  Re- 
search Laboratory, Thirteen s ing le -ce l l  modules t h a t  t yp i fy  thermionic f u e l  ele- 
ment s t r u c t u r e  w i l l  be constructed and l i f e - t e s t e d  under an ex i s t ing  NASA con- 
t r a c t ,  
The performance of dual-cel l  modules out-of-pile and in -p i l e  i s  current ly  
being inves t iga ted  under AEC contract, Several dua l - ce l l  modules simulating 
fue led  emi t te rs  are being s tudied i n  t h e  laboratory under Air Force contracts,  
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The Air Force is also sponsoring an out-of-pile investigation of nine converters 
in series with a common interelectrode vapor reservoir. Multi-cell modules have 
been operated in-pile by the A3C at LOS Alamos Scientific Laboratory, but the 
tests were short lived, and performance degradation effects were inseparable.. 
An investigation of thermionic converters for nuclear marine application, 
being sponsored by the Navy's Bureau of Ships, is one of the largest thermionic 
programs in existence. NASA's solar thermionic programs to develop converter 
modules for space application are providing a useful background of experience. 
Thermionic reactor: In addition to containing the thermionic converters, 
fast neutrons sustain the chain reaction within the thermionic reactor. The 
uniqueness of the thermionic reactor requires that methods be developed-for flat- 
tening power distributions and achieving control capability. Low-power critical 
experiments can be performed to determine flux distributions and criticality re- 
quirements for such a reactor. However, until reactor systems similar to the one 
of interest have been operated, it will be difficult to accurately predict the 
temperature coefficients that correspond to certain changes within the reactor. 
Because the economy of fast neutrons is poor, large amounts of fissionable 
material are required in the thermionic reactor, 
levels, core sizes are limited by thermionic emitter area requirements, There- 
fore, the fuel materials are heavily diluted, and additional uranium 235 is re- 
quired for criticality. The increased fuel loading reduces the percentage of 
total uranium atom burnup required, and the diluent may improve burnup capabil- 
ity. Fuel volume fractions of about 0.2 to 0.4 result after the coolant and 
thermionic requirements have been considered. The resulting structure must pro- 
vide for a suitable combination of nuclear, thermionic, and heat-transfer char- 
acteristics to achieve acceptable performance. 
For the multi-megawatt power 
Problems related to the energy-conversion cycle are the design of electrical 
connections between fuel elements and the load, and the design of interelectrode 
vapor supply and regulating systems. The possible effects of electric oscilla- 
tions, stray currents, or magnetic fields within the reactor must be investiga- 
ted, and the ability to tolerate open-circuit failures within the thermionic fuel 
element must be developed, 
Los Alamos is currently constructing a critical facility to mock up a therm- 
ionic powerplant. Parametric and preliminary design studies are being performed 
by NASA contractors to investigate thermionic powerplant designs with emphasis on 
the thermionic reactor. Effects that may degrade thermionic performance, dissi- 
pate available electrical energy uselessly, or create failure mechanisms are 
being investigated to reduce uncertainty and define development requirements. 
Direct-current to alternating-current: For  the thermionic powerplant, the 
low-voltage, direct-current output must be converted to a nearly square 
alternating-current waveform, transformed to the high voltage, and then rectified 
to the specified direct-current voltage. At present, all the electrical compo- 
nents are low-temperature devices that will necessitate large cooling loops un- 
less major advancements are made in electric power-conditioning component tech- 
n 01 o gy . 
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A rough estimate made under a current NASA contract of the power- 
conditioning specific weight for a 1-megawatt-electric powerplant using Apollo 
technology (which is about 2 yr away) was 16 pounds per kilowatt. This weight 
does not include the weight of the auxiliary radiator or electrical bus bar re- 
quired, and a 125' F coolant temperature and silicon-controlled rectifiers were 
assumed. About 85 percent of this weight is in the inverter stages and is due to 
the switching capacitors required to control the silicon-controlled rectifier 
devices and the support structure for these capacitors. To achieve overall pow- 
erplant weights less than 20 pounds per kilowatt, power-conditioning weights of 
3 to 5 pounds per kilowatt will be required. 
Available current-carrying devices for inverters are of the solid-state va- 
riety, either germanium transistors or silicon-controlled rectifiers, Although 
the transistors have lower power capacity, they do not require the continued 
application of gating signals to be maintained in an off condition, as do the 
silicon-controlled rectifiers. The capacitor penalty necessary to keep the 
silicon-controlled rectifiers in an off condition may offset their greater energy 
throughput capability, A study to evaluate the trade-offs involved is being 
made under an existing NASA contract, 
Because the greatest weight penalty is imposed by the switching cayacitors 
and the solid-state devices, NASA contracts to develop high-temperature - high 
power switchgear (for use as high as 1000° F) and high-temperature power tubes 
(for use at temperatures ranging from 930' to 1470' F) are being initiated. 
Solid-state devices for operation at 930° F are being studied under a current 
Air Force contract. The gas-filled power tubes (thy-ratrons) can be used in the 
rectifier as well as in the inverter stages. The thyratrons are of metal-ceramic 
construction similar to thermionic converters and should adapt to the highly 
stressed environments as well. 
To design power-conditioning components for such an advanced power system, 
it is necessary to know the properties of materials for high-frequency and 
-temperature conditions and in vacuum and alkali metal environments, A NASA 
contract is being initiated to investigate magnetic materials, electrical con- 
ductors, and electrical insulators at such conditions. Thus, activity for the 
material and device improvements required is being sponsored under several NASA 
and Air Force contracts. 
Powerplan t Perf orman ce Pot en t i al 
The performance or competitiveness of an electric engine depends primarily 
upon the specific weight and the attainable life of the power supply, From the 
present state of knowledge it is impossible to quantitatively estimate the life 
potential of an advanced power system, but weight estimates can be provided. 
Pratt & Whitney under contract NASw-360 has prepared conceptual designs and 
parametric data for 1-megawatt Rankine cycle and thermionic powerplants, The 
program began in July 1962 and has reported primarily parametric design data 
(refs. 1 to 3). From personal contacts with Pratt & Whitney, additional data 
that include preliminary weight estimates for the early conceptual designs were 
obtained. These estimates were used as the basis for preparing the weights 
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i n  t h i s  section- 
i n  the  weights w i l l  undoubtedly occur. 
As the  design work a t  P r a t t  & Whitney progresses, some changes 
Rankine cycle powerplant assumptions. - The P r a t t  & Whitney 1-megawatt , 
Rankine cycle system cons is t s  of a s ing le  reac tor  connected t o  four  250-kilowatt 
power-conversion loops operating i n  para l le l .  Each power-conversion loop con- 
t a i n s  a s ingle  boi le r>  a turb ine  d i r e c t l y  coupled t o  a n  a l t e r n a t o r j  power con- 
dit ioning; controls; a condensate pump f o r  r ec i r cu la t ing  t h e  flow from t h e  con- 
denser t o  t he  b o i l e r j  and 10 lithium-cooled condensers, each with i t s  own pump 
and independent radiator.  
shown i n  f i gu re  6- Potassium is  used as the turbine f lu id ,  and l i th ium i s  the 
coolant throughout. Cycle conditions, operating temperatures, component effi-  
ciencies,  and component r a t ings  a r e  summarized i n  t a b l e  III, 
Schematically the  powerplant i s  i d e n t i c a l  t o  t h a t  
It was necessary fo r  P r a t t  & Whitney t o  make a number of assumptions i n  pre- 
These cannot, of coursey be j u s t i f i e d  because of t h e  lack of paring t h e  designs. 
experimental data. However, the assumptions are f a i r l y  conservative, 
P r a t t  & Whitney used t h e  meteorite-protection c r i t e r i a  recommended i n  ref- 
erence 4 with 1956 meteoroid flux estimates (ref. 5) but  neglected t h e  spa l l i ng  
and th in-p la te  correct ion f ac to r s  recommended by these investigations.  Bery l l ium 
w a s  assumed t o  be a su i t ab le  r ad ia to r  material, 
90-percent probabi l i ty  t h a t  75 percent of t h e  r ad ia to r  surface would be e f f ec t ive  
a t  t h e  end of 16,000 hours. 
c r i t e r i a  (ref. 4) and the  f l u x  estimates (ref. 5)  are very conservative, Neg- 
l e c t i n g  the spa l l ing  and th in-p la te  corrections and using a 90-percent probabil- 
i t y ,  P r a t t  & Whitney i s  optimistic. 
e f f e c t s  t o  cancel each other, although calculat ions confirming this  have not been 
conducted by t h e  invest igators ,  The r ad ia to r  design i s  admittedly crude. How- 
ever, a t  this t i m e  it i s  not f e l t  t h a t  more de t a i l ed  o r  more re f ined  calculat ions 
of meteorite protect ion requirements a r e  indicated,  as t h e  uncer ta in t ies  s t i l l  
remaining i n  the  meteorite a rea  are too large t o  warrant f u r t h e r  refinement. 
The r ad ia to r  was designed f o r  a 
Recent da ta  have indicated tha t  t h e  penetration 
5 u s ,  there  i s  a tendency f o r  these  two 
Shield design f o r  t h e  megawatt systems assumes t h a t  a 20-foot-diameter pay- 
Load i s  located 50 feet  from t h e  r eac to r  and receives  neutron and gamma doses of 
lG3 nvt and lo7 rads, respectively* !J?his in tegra ted  dose of l o7  rem i s  obvi- 
ously too high fo r  manned spacecraft ,  bu t  a new sh ie ld  has not been calculated 
as i t s  design depends t o  a very l a r g e  ex ten t  upon t h e  spacecraf t  configuration 
and the shield provided f o r  t h e  space environment, V e r y  preliminary estimates 
ind ica t e  t h a t  the sh ie ld  required t o  l i m i t  t h e  dose t o  10 r e m  f o r  a 250-foot 
separation dis tance from the powerplant weighs approximately 1 t o  2 pounds per 
ki lowatt  (paper by Karp). 
Whitney's sh i e ld  design i s  1. t o  2 pounds pe r  kilowatt. 
If t h i s  i s  correct,  t h e  e r r o r  i n  using P r a t t  & 
2 2 
Rankine cycle powerplant w e i g h t  estimates. - As s t a t e d  before, t h e  P r a t t  & 
Whitney design assumptions have been f a i r l y  conservative, However, there  are a 
f e w  addi t ional  areas  t h e  authors have taken the l i b e r t y  of modifying t o  provide 
b e t t e r  estimates. These include the followingr 
(1) Boiling and condensing average heat fluxes were based on t h e  present 
state of the  ar t  - heat  fluxes i n  t h e  20,000 t o  30,000 Btu/(hr)(sq f t )  range i n  
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cont ras t  t o  P r a t t  & Whitney's assumption of fluxes i n  the 100,000 t o  250,000 
range. 
(2)  Turbine and a l t e r n a t o r  e f f i c i enc ie s  were reduced from 83 and 95 percent 
t o  77 and 90 percent, respectively. 
(3) The P r a t t  & Whitney r ad ia to r  incorporates segmenting i n  t h e  design, but  
does not provide redundancy, as they assume that  t h e  mission can be accomplished 
i f  75 percent of t he  r ad ia to r  area required for f u l l  power remains at  t h e  end of 
16,000 hours, 
compensate f o r  t h i s  l o s s  of area so t h a t  f u l l  power i s  ava i lab le  a t  the end of 
The authors have added 33 percent addi t iona l  r ad ia to r  area t o  
16,000 hOWS, 
(4) The authors f e e l  t h a t  t he  reac tor  design i s  too optimistic.  Conse- 
quently, t h e  weight of t h e  reac tor  has been increased s ign i f i can t ly  t o  allow f o r  
t h e  use of more conservative f u e l s  a t  lower fue l  burnup rates. 
Weight breakdowns f o r  the  1-megawatt Rankine cycle system, together  with t h e  
numbers of each component.and t h e i r  duty, a r e  presented i n  t a b l e  IV, 
The P r a t t  & Whitney 1-megawatt powerplant weights have been extrapolated t o  
t h e  5-megawatt level by assuming that all weights scale l i n e a r l y  except t h e  reac- 
to r ,  shield,  piping, controls,  and s t a r t u p  components, The weights of these  com- 
ponents were estimated. The weight breakdown for a 5-megawatt system together  
with t h e  component r a t ings  and t h e  number of components is  shown i n  t a b l e  V. 
Note that t h e  weight breakdown includes all ant ic ipated items, including power 
conditioning and controls,  It should a l so  be noted that, although a s ing le  
30-megawatt-thermal reac tor  and sh ie ld  i s  included, all other  components include 
a 25-percent allowance f o r  redundancy. Thus, although fou r  boi lers ,  tu rboa l te r -  
na tors  and power-conditioning un i t s  are su f f i c i en t  t o  provide 5 megawatts e lec-  
t r i c ,  f i v e  of these  are providedj likewise, where 80 condensers and r ad ia to r  seg- 
ments are su f f i c i en t ,  100 are provided, Despite this conservatism, t h e  weight of 
t h e  powerplant without shielding f o r  mamed missions i s  20 pounds per  ki lowatt  - 
a weight t h a t  appears t o  be j u s t  barely competitive with nuclear rockets  f o r  some 
of the  more ambitious manned missions. 
There i s  hope, however, t h a t  these  weights can be improved. If j u s t  a 
l i t t l e  less conservatism i s  allowed i n  estimating t h e  temperature and ef f ic iency  
po ten t i a l s  of an advanced Rankine system, a considerable reduction can be ob- 
ta ined  i n  weight. This is shown i n  t a b l e  V I ,  where t h e  weight savings i s  indi-  
cated t h a t  would result with ce r t a in  components improvements, As an example, a 
turb ine- in le t  temperature of 1850' F was assumed. 
210O0 F and t h e  condensing temperature increased t o  1400° F (14 l b / sq  in. abs), 
t h e  weight of t h e  powerplant i s  reduced 2.4 pounds per  kilowatt, Also, tu rb ine  
and a l t e r n a t o r  e f f ic ienc ies  of 77 and 90 percent were assumed,. There is  some 
hope t h a t  these  e f f i c i enc ie s  could be r a i sed  t o  85 and 95 percent, respectively.  
If the  l a r g e r  values m e  obtained, t he  weight o f  t h e  powerplant i s  reduced an- 
o ther  1.4 pounds per  kilowatt. Similar ly  w i t h  t h e  temperature of t h e  e l e c t r i c a l  
components, it w a s  assumed t h a t  r e c t i f i e r s  using semiconductors operate a t  %em- 
pera tures  of 140° F and t h a t  t h e  a l t e r n a t o r  and transformer operate a t  500' F, 
If these  temperatures can be ra i sed  t o  500° and 800° F, respectively,  a w e i g h t  
If this can be increased t o  
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savings of 1.9 pounds per  kilowatt  resu l t s ,  If the  reac tor  burnup can be im: 
proved o r  i f  the  boi l ing and condensing heat- t ransfer  coef f ic ien ts  can be i m -  
proved, there  i s  another p o s s i b i l i t y  of saving 1-6 pounds per kilowatt, 
accumulative savings approaches 8 pounds per kilowatt. 
all of these improvements can be achieved, there  i s  poten t ia l  f o r  accomplishing 
some and p a r t i a l l y  f u l f i l l i n g  others. 
cycle powerplant weighing considerably l e s s  than 20 pounds per kilowatt  a t  5 meg- 
awatts is achievable. 
The 
While it i s  unl ike ly . tha t  
Consequently, it i s  l i k e l y  t h a t  a Rankine 
Thermionic powerplant. - The P r a t t  & Whitney thermionic powerplant design 
i s  an i n - p i l e  thermionic system similar t o  t h a t  shown i n  f igure  8. The co l lec tor  
i s  cooled-by lithium, which i s  t h e  coolant used i n  t h e  r a d i a t o r  segments and 
other  cooling loops- Thermionic converter performance i s  based on an  empirical 
correlation of avai lable  thermionic t e s t  da ta  (ref. 2). 
sents  a ra ther  l a r g e  unknown i n  the  design, as t h e  only avai lable  i n v e r t e r  da ta  
use semiconductors. The i n v e r t e r  alone could weigh as much as 1 4  pounds per 
kilowatt while operating a t  140' 3'. So i n  t h e  design it w a s  necessary t o  assume 
t h a t  higher capacity tubes or semiconductors would be developed t o  achieve lower 
power-conditioning weights, P r a t t  & Whitney's assumptions and the  authors '  cor- 
rections i n  t h e  areas  of meteorite protect ion and shielding a r e  consis tent  with 
those used i n  the  Rankine analysis, although there  does appear t o  be some advan- 
tage t o  using niobium i n  the  rad ia tors  and operating t h e  main rad ia tors  at  higher 
temperatures t o  provide lower rad ia tor  areas. 
Power conditioning pre- 
The design conditions f o r  t h e  themionic  system are summarized i n  t a b l e  V I I ,  
and a we igh t  breakdown f o r  t h e  1-megawatt system with corrections similar t o  
those used f o r  the  Rankine system is provided i n  t a b l e  V I I I .  
technique s imi la r  t o  t h a t  used f o r  the  Rankine system provides t h e  5-megawatt 
thermionic system weight breakdown, a l s o  shown i n  t a b l e  KEI,  
An extrapolation 
Comparison of Rankine and thermionic powerplants, - The s p e c i f i c  weights of 
Rankine and thermionic powerplants are compared i n  f igure  9, where the  s p e c i f i c  
weights are p lo t ted  as a function of r a d i a t o r  i n l e t  temperature, The thermionic 
systems are  a l s o  shown parametrically as a function of emit ter  temperature. The 
spec i f ic  weights presented f o r  both systems do not include the  redundancy t h a t  
w a s  included i n  the  de ta i led  weight breakdowns presented i n  the  previous tables. 
The spec i f ic  rad ia tor  areas f o r  four  powerplants a r e  a l s o  shownj however, these 
areas  do not include provisions f o r  component cooling, 
The Rankine powerplants a r e  shown f o r  two cases: one with a beryllium ra- 
d ia tor ,  the other with niobium. Presently, only beryllium, niobium, and molyb- 
denum appear t o  have t h e  propert ies  desired f o r  high-temperature r a d i a t o r  mate- 
rials (ref, 6). I n  estimating weights it was assumed t h a t  beryllium is r e s i s t a n t  
t o  meteoroid impact, even though t h e r e  a r e  some indicat ions that it may be too 
b r i t t l e ,  
on t h e  Rankine powerplant because t h e  powerplant cannot readi ly  u t i l i z e  t h e  high- 
temperature poten t ia l  of niobium unless very high liquid-metal temperatures 
(2500' F) can be to le ra ted  i n  t h e  reactor. 
The use of higher density niobium w i l l  impose a severe weight penalty 
The spec i f ic  weights f o r  t h e  thermionic powerplants a r e  shown f o r  both 
niobium and beryllium radiators ,  
l e s s  than 1400' F by s t rength and sublimation, 
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B e r y l l i u m  appears t o  be l imi ted  t o  temperatures 
The thermionic powerplant weight 
i s  a,minimum a t  t h e  highest  temperature a t  which beryllium can be used (about 
1350' F), and another minimum occurs a t  about 1900° F with niobium radiators ,  
The Rankine cycle powerplant using beryllium appears t o  o f f e r  a s l i g h t  
weight advantage over a 3200° F thermionic powerplant. 
powerplant i s  heavier than t h e  thermionic, the  differences i n  s p e c i f i c  weight 
are not large. I n  any case, i n  considering the assumption and unknowns inherent 
i n  t h e  analysis, there  i s  no reason t o  s e l e c t  one power system over t h e  other  a t  
this t i m e .  
Mhile the  niobium Rankine 
If  r a d i a t o r  surface i s  the most important se lec t ion  c r i te r ion ,  t h e  higher 
The primary r a d i a t o r  a rea  is  temperature thermionic system of fers  advantages. 
about 800 square f o o t  per megawatt as compared with 3700 square f o o t  per megawatt 
f o r  t h e  Rankine cycle. As these areas do not include secondary cooling, this 
4-to-1 area advantage may not be maintained when cooling requirements f o r  power 
conditioning a r e  included, unless higher temperature (500' 3') d-c - d-c convert- 
ers a r e  developed. 
I n  summary, ne i ther  thermionics nor Rankine power systems possess any i n -  
herent  advantages t h a t  would allow the select ion of one over the  other  for in-  
tensive development a t  t h i s  time, Instead, each has cer ta in  advantages and d i s -  
advantages, which include the  following: 
(1) Thermionic powerplants may not require r o t a t i n g  equipment. 
( 2 )  The nuclear and power-conversion problems a r e  separated i n  a Rankine 
powerplant, 
(3) The Rankine powerplant appears t o  be l igh ter .  
(4)  The thermionic powerplant requires l e s s  r a d i a t o r  area, 
(5) The thermionic powerplant can operate with lower l iquid-metal  tempera- 
tures.  
( 6) A Rankine powerplant has l e s s  complex power-conditioning problems. 
E l e c t r i c  propulsion appears t o  be competitive with chemical and nuclear pro- 
pulsion providing lightweight, long-lived engines are developed. High-specific- 
impulse t h r u s t o r s  t h a t  promise t o  s a t i s f y  advanced e l e c t r i c  engine requirements 
are nearing engineering phases of development. Presently,  small t h r u s t o r s  are 
being ground-tested, and it i s  expected t h a t  the e l e c t r o s t a t i c  devices w i l l  soon 
be f l igh t - tes ted ,  
and, i f  they have s u f f i c i e n t  l i f e ,  they could serve as t h r u s t o r  modules along 
with t h e  megawatt powerplants, 
The development of 30-kilowatt th rus tors  has been i n i t i a t e d ,  
Technology programs f o r  high-temperature, l ightweight power-conditioning 
equipment are now g e t t i n g  under way. High-temperature mater ia ls  and devices are 
being studied, but it w i l l  be many years before useful  hardware i s  available. 
a7 
A t  present, t h e  equipment that can be b u i l t  is  much too  heavy, presents  cooling 
problems, and introduces radiat ion-shielding complexities. 
The nuclear-electr ic  power supply poses t h e  most d i f f i c u l t  problems. 
research and development program i s  s t i l l  i n  t h e  ear ly  technology phase with NASA 
and other Government agencies and is  concerned, primarily, with inves t iga t ing  
materials, securing engineering design data, es tab l i sh ing  component performance 
capabi l i t ies ,  determining meteoroid e f fec ts ,  and s o  forth. It i s  f e l t  t h a t  t h i s  
technology phase w i l l  have t o  continue f o r  a number of years before meaningful 
hardware designs can be i n i t i a t e d  and f e a s i b i l i t y  demonstrated. 
The 
For t he  two powerplants current ly  of i n t e re s t ,  t h e  advanced Rankine cycle 
technology is  more advanced and has a broader technology base. I n  contrast ,  
thermionic technology i s  i n  an earlier technology phase, and predict ions of i t s  
poten t ia l  are l e s s  re l iable .  A t  present t h e r e  appears t o  be no incent ive  t o  
s e l e c t  e i the r  a Rankine or thermionic powerplant f o r  in tens ive  development, as 
e i t h e r  powerplant has good potential .  
It appears t h a t  lightweight, high-efficiency e l e c t r i c  engines competitive 
with other propulsion schemes can be developed. 
t h a t  long l i f e  can be obtained unless extensive redundancy and/or i n - f l i g h t  re- 
p a i r  capabi l i ty  are provided, 
and expensive development program, espec ia l ly  f o r  t h e  e l e c t r i c  powerplant. The 
program w i l l  probably last  10 t o  20 years and cost  hundreds of mil l ions of dol- 
lars, i f  t he  r e l i a b i l i t y  required f o r  manned f l i g h t  i s  t o  be realized. 
It is not apparent, however, 
The advanced electric engines w i l l  requi re  a long 
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Manned Unmanned 
Power level, M w  5 - 40 0.4 - 5 
Life,  hr 10 - 15,000 10 - 30,000 
S p e c i f i c  weight, lb/kw 10 - 20 10 - 30 
R e l i a b i l i t y ,  percent  99+ 90 
Radiator  temperature, ?I? 1200 - 1800 1200 - 1800 
Thrustor 
Lewis 
Resis t  o j e t  
Arc j e t  
AVCO 
TAPCO 
Electron bombardment' 
EOS 
Electron bombardment 
EOS 
Electron bombardment' 
Lewis 
Electron bombardment 
Lewis 
Electron bombardment 
Hughes 
1 Contact i o n i z a t i o n  
Hughes 
lThese performance f i g u r e s  
Contact i o n i z a t i o n 1  
90 
Approximate S p e c i f i c  Power S p e c i f i c  S p e c i f i c  
power, impulse, eff ic iency,  area, weight, 
kw sec pe rcen t  sq f t / k w  lb/kw 
15.0 85 0 75 0,003 1.0 
30.0 1050 45 -0004 .22 
3. 0 5000 75 .05 3.3 
1.0 5500 82 0 34 4.0 
2.3 7000 75 c 10 1.3 
05 5000 70 88 6.0 
2.0 5900 75 1 7  5.0 
*5  4500 40 154 4.1 
2.5 7600 62 -08 4.8 
have not  been a t t a i n e d  (4-63), b u t  are be l i eved  t o  be 
Net power output high-voltage d. c. , Mw 
Alternator outputs low-voltage a. c* , M w  
Reactor thermal output, Mw 
Reactor-outlet temperature, (?I? 
Turbine-inlet temperature, % 
5 
5.9 
30 
~~ 
Turbine-inlet pressure, lb/sq in. abs 
Turbine-exit pressure, lb/sq in. abs 
Radiator-inlet temperature, (?I? 
Radiator-exit temperature, ?F 
Turbine efficiency, percent 
Alternator efficiency, percent 
Power-conditioning efficiency, percent 
Radiator material 
2000 
1850 
89 
4 
1150 
1000 
77 
90 
97 
Beryllium 
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TABLE IV. - WEIGHT BREAXIOWlV OF 1-MEGAWATT RANKINE CYCLE POWERPLANT 
Item 
Reactor 
Shield 
Boilers 
Primary loops and pumps 
Turboalternators 
Condensers 
Primary radiators 
S t rue t ur e 
Secondary radiators 
Power conditioning 
Secondary piping 
Startup loops 
Miscellaneous and contingencies 
Number 
,f units 
1 
1 
5 
5 
5 
20 
20 
-- 
5 
5 
5 
5 
-- 
* Unit rating , 
Mw 
t6 
L 
Weight, 
lb 
15 00 
800 
1700 
1200 
1750 
1550 
3000 
4600 
2 800 
2 700 
400 
600 
1400 
Cotal weight, lb 24,000 
Specific weight, lb/kw 24 
* t, megawatts thermal; e, megawatts electric. 
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TABU V* - EPIC& WEIGHT BREAKDOWN O F  5-MEGAWATT 
RANKINE CYCLE POWER SUPPLY 
I tem 
Reactor 
S h i e l d  
B o i l e r s  
Primary loops  and pumps 
Turboal te rna tors  
Condensers 
Primary r a d i a t o r s  
S t r u c t u r e  
Secondary r a d i a t o r s  
Power condi t ion ing  
Secondary p ip ing  
S t a r t u p  loops 
Miscellaneous and cont,ngenc,as 
Number 
of u n i t s  
1 
1 
5 
5 
5 
100 
100 
--- 
25 
5 
--- 
5 
--- 
Unit rating,+ 
Mw 
Weight , 
l b  
3,000 
1,500 
6,500 
5,400 
7,500 
7,703 
15,000 
17,000 
13,500 
12 700 
1,800 
1,400 
7,000 
Tota l  weight, l b  
Spec i f i c  weight, lb/kw 
100,000 
20 
* t, megawatts thermal;  e,  megawatts e l e c t r i c .  
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TABB V I .  - IMPROVEMENT POTENTIAL FOR 5-MEGAWATT 
RAmKINE CYCLE POWER SUPPLY 
Turbine-inlet temperature, OF 
Turbine efficiency, percent 
Alternator efficiency, percent 
Electrical equipment temperature, ?F 
Reactor burnup, percent 
Boiler average heat flux, Btu/(hr) (sq ft) 
Condenser average heat flux, Btu/(hr) (sq ft: 
Design 
ralue 
1850 
77 
90 
140/500 
1 
30,000 
50,000 
'uture 
ralue 
2100 
85 
95 
j00/800 
5 
150,000 
L50,OOO 
Weight 
*eduction, 
lb/kw 
2.4 
09 
05 
1.9 
04 
e6 
L O  
Accumulative improvement, lb/kw +7.7 
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TABLE VIL - TBERMIOlVIC POWEFPLANT ASSUMED 
OPERATING CONDI!I'IONS 
Emitter temperature (maximum) , ?I? 
Collector temperature (average), OF 
Radiator-inlet temperature, ?I? 
Radiator-outlet temperature, ?I? 
Converter power output, low-voltage dcc., Mw 
Net power output, high-voltage d. cI , Mw 
Theoretical converter efficiency, percent 
Theoretical converter power density, w/sq cm 
Average converter efficiency, percent 
Average converter power density, w/sq cm 
Power-conditioning efficiency, percent 
Overall system efficiency, percent 
I Radiator material 
3200 
1800 
1850 
15 80 
6.2 
5 
16.7 
7.2 
12.7 
4.1 
93 
11 
Niobium 
TABU VIIL - WEXGHT ESTIMATW OF 1- AND 
5-MEGAWATT THEFUCCONIC POwERpLAmTS 
I t e m  
Reactor 
Shield 
Primary heat  exchangers 
Pumps 
Bus ba r  
Power conditioning 
St ruc ture  
Main r ad ia to r  
Secondary rad ia tors  
T o t a l  
Weight, lb/kw 
1-Mw system 
4.9 
1.5 
.2 
.6 
.5 
5.0 
3.0 
4.4 
6.0 
26.1 
3-Mw system 
3.3 
06 
-2 
.6 
- 5  
5- 0 
L O  
4.4 
6.0 
21.6 
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Figure 8 
SYSTEM SPECIFIC WEIGHT P L O T T E D  AGAINST RADIATOR- 
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THERMIONIC POWERPLANTS 
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WILD BLUE YONDER PROPULSION SCHEMES 
By John C. Eward 
NASA Lewis  R e s e a r c h  Cen te r  
W I L D  BLUE YONDER PROPULSION SCHEMES U 
By John C.  Eward 
NASA Lewis Research Center - 
This paper will inc1ude;a discussion of the ORION concept, severa l  gaseous 
core nuclear rockets ,  thermonuclear propulsion u t i l i z i n g  superconducting magnets, 
and f i n a l l y  a lightweight radioisotope power generation system f o r  e l e c t r i c  pro- 
pulsion. 
much i n  common. The i n i t i a l  vehicle weights would be very large - on t h e  order 
of severa l  mi l l ion  pounds. The payload fract ions a r e  high - on t h e  order of 25 
t o  50 percent of t h e  takeoff weight - f o r  near Earth missions. The development 
problems would be severe, and, correspondingly, t h e  development cos ts  would be 
extreme - on the  order of many b i l l i o n s  of dollars. I n  addition, t h e  launching 
problems from Earth would be f a n t a s t i c  - with nuclear rad ia t ion  hazards and po- 
l i t i c a l  overtones added f o r  good measure. However, t h e  reward f o r  success would 
be great.  
missions - with thrust-to-weight r a t i o s ,  at leas t  i n  some cases, g rea te r  than 
uni ty  and with spec i f ic  impulses of several  thousand seconds. The mission t rans-  
portat ion cos ts  would run i n  terms of d o l l a r s  per pound of payload with c lear  
opportunities f o r  reasonable manned expeditions across t h e  so la r  system. This i s  
With t h e  exception of t h e  l a t t e r  concept, a l l  of these schemes have 
One can contemplate la rge  payload fract ions propelled on space 
t h e  car ro t  that leads t h e  endorsement of such gigantic projects .  R,D , & 
The ORION vehicle  resembles a c i t y  water tower, as shown i n  f igure  1. 
Rather sophis t icated s m a l l  nuclear bombs would be ejected at  frequent i n t e r v a l s  
t o  a t r a i l i n g  pos i t ion  along t h e  vehicle ax is ,  and exploded. 
sure of these  bombs r e a c t s  on t h e  pusher p l a t e  shown at  t h e  base of t h e  vehicle.  
The shock load on t h e  vehicle  proper is minimized by a tuned damper system con- 
necting t h e  pusher p l a t e  t o  t h e  cabin. 
required t o  minimize t h e  o s c i l l a t o r y  accelerations on t h e  crew. 
The explosion pres- 
Additional shock i s o l a t i o n  beds may be 
The operat ional  sequence on the  vehicle i s  shown i n  f igure  8 .  Following 
e jec t ion ,  t h e  bomb i s  exploded when t h e  pusher p l a t e  reaches i t s  mz.ximum rearward 
veloci ty .  Thus, t h e  p is ton  i n e r t i a  helps t o  shield t h e  cabin from t h e  shock 
load. 
t i v e  t o  t h e  cabin t o  reset t h e  cycle f o r  t h e  next explosion. 
The f u l l  explosion pressure reverses the motion of t h e  pusher p l a t e  r e l a -  
A minimum-size ORION vehicle ,  weighing perhaps 600 tons,  i s  shown mounted on 
a Saturn booster i n  f igure  3. The chemical f irst  s tage is  required t o  boost 
ORION t o  a s u f f i c i e n t  a l t i t u d e  i n  order t o  permit t h e  f i rs t  nuclear explosion. 
This a l t i t u d e  i s  perhaps above 35,000 f e e t .  The ORION vehicle then adds s u f f i -  
c ien t  ve loc i ty  increment through a s e r i e s  of nuclear explosions t o  accomplish t h e  
desired mission. 
The payload capabi l i ty  of ORION improves as t h e  s i z e  increases,  with vehi- 
c l e s  as la rge  as 5000 tons contemplated. Except for the  nuclear bombs, t h e  en- 
t i r e  ORION vehicle  and payload would be returned t o  Ear th ' s  v i c i n i t y  f o r  reuse 
a f t e r  accomplishing t h e  mission. 
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The gaseous core r eac to r s  shown i n  f igures  4 t o  8 o f f e r  about t h e  same kind 
of performance promises. 
nuclear rocket,  t h e  hydrogen propel lant  must be heated t o  temperatures above t h e  
melting point of most materials. This heat ing i s  accmplished i n  a gaseous core 
reac tor  through which t h e  hydrogen is passed. 
are generally t a i l o r e d  i n  spec ia l  ways so as t o  conserve as much of t h e  reac t ing  
uranium gas as possible.  
f e e t  long. This cavi ty  would be surrounded by high-temperature moderating mate- 
rials t o  thermalize t h e  neutrons. 
counteract t h e  neutron and gamma heat ing amounting t o  about 10 percent of t h e  
t o t a l  energy generated. Thus, t h e  thermal proper t ies  of t h e  moderator set an 
upper l i m i t  f o r  t h e  spec i f i c  impulse of a gaseous core r eac to r  at  about 3000 
seconds. 
To be superior  t o  t h e  more conventional heat- t ransfer  
The f l u i d  mechanic arrangements 
A t y p i c a l  cav i ty  might be 10 feet  i n  diameter and 10 
The propel lant  must cool t hese  materials t o  
I f  only uranium gas f i l l s  t h e  core, t h e  minimum pressure f o r  hot c r i t i c a l i t y  
i s  about 25 pounds per square inch. With t h e  addi t ion  of t h e  hydrogen propel- 
l a n t ,  the wall pressures approach 1000 t o  10,000 pounds per square inch. 
The pressure s h e l l  t o  contain these  pressures is s u f f i c i e n t l y  th i ck  so t h a t  
no reactor  sh i e ld  i s  required.  Nevertheless, t h e  t o t a l  weight of t h e  reac tor  in- 
cluding moderator and pressure s h e l l  i s  from 250,000 t o  500,000 pounds. 
i n  a mission comparison with more conventional nuclear rockets ,  t h e  gaseous core 
reac tor  system would l i k e l y  requi re  a f u e l  load  of more than 500,000 pounds t o  
capi ta l ize  on i ts  higher spec i f i c  impulse. 
Hence, 
An ea r ly  suggestion for a gaseous core r eac to r  i s  shown i n  f igu re  4. Tan- 
gent ia l ly  enter ing hydrogen passes r a d i a l l y  inward through a gaseous uranium 
vortex. Hopefully, t h e  cen t r i fuga l  forces associated with t h e  heavier uranium 
molecules would be ba,l&nced by t h e  d i f fus ion  drag of t h e  inwardly moving hydro- 
gen. The hydrogen would u l t imate ly  move along t h e  axis t o  t h e  exhaust nozzle. 
Unfortunately, t he  drag produced by t h e  flowing hydrogen i s  so  grea t  that 
excessive loss of uranium w i l l  occur unless  t h e  hydrogen flow rates are l imi ted  
t o  very low values. Hence, i n  a single-tube vortex r eac to r ,  only low t h r u s t s  
could be obtained without excessive loss of uranium. 
One way t o  avoid t h i s  d i f f i c u l t y  i s  t o  use mult iple  vortex arrangements as 
C r i t i c a l i t y  is  achieved by t h e  combination of many gas- are shown i n  figure 5. 
eous uranium cores. These may e i t h e r  be mater ia l ly  separated, as i n  t h e  upper 
l e f t  diagram, or establ ished by a matr ix  in j ec t ion  pa t te rn ,  as shown i n  t h e  
square box drawing. 
Space Technology Laboratory. 
hardware. 
These schemes were proposed by Jet Propulsion Laboratory and 
Both have a major problem of cooling t h e  enclosed 
The United Aircraf t  Corporation uses an a l t e rna t ive  approach t o  boost t h e  
hydrogen flow ( f i g .  6 ) .  Ninety percent of t h e  incoming swir l ing hydrogen moves 
ax ia l ly toward  t h e  annular exhaust nozzle on one end. This hydrogen would be 
seeded with addi t ives  t o  absorb t h e  r ad ian t  heat from t h e  core. Note, however, 
t h a t  t h e  slower moving boundary layers  near t h e  end walls w i l l  not sus t a in  t h e  
Hence, t he re  w i l l  be a ra- 
dial ly  inward secondary flow of about 5 percent on each end wall. This hydrogen 
$radial pressure gradient; generated by t h e  vortex. 
.J 
blends with t h e  0.1 percent d i f fus ion  flow and moves along t h e  axis t o  t h e  dis- 
charge nozzle. 
The Lewis Research Center 's  coaxial  j e t  reactor  is illustrated i n  f igu re  7. 
The ,cent ra l  core of uranium gas would be injected at a much slower speed than  t h e  
coaxia l ly  flowing hydrogen. 
minimize t h e  uranium l o s s  rate. 
intermediate ve loc i ty  p r o f i l e  between t h e  uranium and outer  hydrogen layer t o  
serve t h i s  purpose. 
higher f o r  reasonable f u e l  conservation. 
HopefuUy, t h e  mixing processes can be t a i l o r e d  t o  
A hydrogen buffer l aye r  would be added with an  
The hydrogen t o  uranium f l o w  r a t i o  should be 50 t o  100 or 
Though hidden by t h e  vortex flow, t h e  United A i r c r a f t  scheme ( f i g .  6 )  must 
have a x i a l  v e l o c i t i e s  and axial ve loc i ty  r a t i o s  comparable with those of t h e  co- 
axial  je t .  Hence, t h e  differences i n  t h e  a x i a l  v e l o c i t i e s  between t h e  f u e l  and 
t h e  hydrogen would produce t h e  same kind of mixing losses  of uranium as f o r  t h e  
coaxial  j e t .  
On t h e  other  hand, t h e  axial ve loc i ty  component can be eliminated on t h e  
vortex r eac to r  by using t angen t i a l  en t ry  and ex i t  of t h e  f lu id .  A schematic of 
t h i s  arrangement is  shown i n  f igu re  8. I n  a l l  o f  these  reac tors ,  the  p r inc ipa l  
hea t - t ransfer  mechanism t o  t h e  hydrogen is by radiat ion,  and t h e  hydrogen must be 
continuously seeded with graphi te  powders and other mater ia ls  t o  absorb t h e  ra- 
diant  heat before it reaches t h e  containing walls. 
There are, of course, grave questions concerning t h e  s tabi l i ty  of t h e  bound- 
ary between t h e  uranium and hydrogen flows. These questions would be complicated 
by feasible nuclear c r i t i c a l i t y  in t e rac t ions  due t o  expansions, contract ions,  or 
d i s t a r t i o n s  of t h e  uranium gas regions.  
problems i n  t h e  exhaust nozzle t h a t  would require so lu t ion  before such cavi ty  re- 
ac to r s  a r e  prac t i ca l .  
There are a l s o  extreme heat- t ransfer  
The next scheme t o  be discussed i s  t h e  thermonuclear rocket.  The approach 
(not  ye t  accomplished i n  t h e  laboratory)  i s  t o  heat a plasma of l i g h t  elements t o  
a temperature on t h e  order of 1 b i l l i o n  degrees Kelvin. 
por t ion  of t h e  ions m e  moving at s u f f i c i e n t  speeds t o  cause fusion upon c o l l i -  
s ion,  accompanied by t h e  r e l ease  of la rge  energies. 
A t  such temperatures, a 
Four f requent ly  considered fus ion  react ions are shown as follows: 
D + D +. He3(0.8 Mev) + n ( 2 . 4  Mev) 
D + D --* T(l.O Mev) + p(3.0 MeV) 
D + T --f He4(3,5 Mev) + n(14.1 Mev) 
D + He3 + He4( 3.6 Mev) + p(14.7 Mev) 
The amount of energy l i b e r a t e d  t o  each p a r t i c l e  i s  given i n  mill ion-electron-volt  
un i t s .  One e l ec t ron  v o l t  is equivalent t o  11,605' K. The first two reac t ions  
occur w i t h  equal p robab i l i t y  and a r e  between deuterium ions. 
fou r th  are between deuterium and e i t h e r  tritium or helium 3, respect ively.  
The t h i r d  and 
The 
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d i f f i c u l t y  with using deuterium-deuterium and deuterium-tritium react ions is  t h a t  
a large f r a c t i o n  of t h e  energy appears as high-velocity neutrons. 
A t  t h e  temperature ranges of i n t e r e s t ,  only magnetic f i e l d s  of fe r  promise 
The neutrons are unaffected by magnetic f i e l d s  and as a means of confinement. 
a r e  thus l o s t  from t h e  react ion zone. Recovery of t h i s  energy i n  a cooled sh ie ld  
would only complicate a thermonuclear space propulsion system. Hence, reac t ions  
l ibera t ing  charged p a r t i c l e s  t h a t  can be trapped by magnetic f i e l d s  a r e  pre- 
ferred. 
Deuterium and helium 3 might be provided as t h e  f u e l  u t i l i z i n g  t h e  fourth 
reaction. If t h e  reactor  temperature is  held at a s u f f i c i e n t l y  high value, t h e  
probabi l i ty  of a deuterium-helium 3 reac t ion  i s  much greater than t h e  deuterium- 
deuterium reac t ion  so  t h a t  only about 5 percent of t h e  energy would be l i b e r a t e d  
as neutrons. 
The reac t ing  plasma would be contained i n  a magnetic b o t t l e  as shown i n  f i g -  
ure 9. The charged p a r t i c l e s  a r e  r e f l e c t e d  back toward t h e  reactor  i n t e r i o r  by 
t h e  stronger f i e l d s  on t h e  ends. The plasma pressures of more than 1000 pounds 
per square inch suggest confining f i e l d  s t rengths  of over 100 kilogauss. These 
f i e l d s  would be provided by superconducting magnets t o  minimize t h e  power losses  
associated w i t h  containment. The f i e l d  on one end of t h e  reactor  would be weaker 
than on t h e  other end, which would allow propellant t o  flow through t h e  magnetic 
nozzle t o  space t o  produce thrus t .  
The cryogenic magnet must, of cowse,  be cooled t o  low temperatures with a 
liquid-helium system. To minimize t h e  heat load on t h e  magnet due t o  bremsstrah- 
lung and neutron rad ia t ion ,  shields  a r e  provided, as shown i n  f igure  10. The 
thermal capacity of the  hydrogen cools t h e  cryoplant and t h e  neutron s h i e l d  (sec- 
ondary). 
through a rad ia tor  system i s  required f o r  t h e  primary bremsstrahlung shield.  
This hydrogen i s  e jected by the  reactor-exi t  j e t .  Additional cooling 
The performance of such a thermonuclear rocket is p r e t t y  spectacular.  
Thrust t o  engine weight r a t i o s  as high as 0.01 a r e  f e a s i b l e  and correspond t o  
about 1 o r  2 ki lowatts  of j e t  power per pound of engine weight. The s p e c i f i c  
impulse would be on t h e  order of 10,000 seconds. 
tem would therefore  be about an order of magnitude b e t t e r  than that predicted f o r  
a nuclear f i s s i o n  e l e c t r i c  propulsion system. 
The performance of such a sys- 
The Lewis Research Center is  inves t iga t ing  t h e  f e a s i b i l i t y  of using ion cy- 
clotron resonance as t h e  means of kindl ing t h e  thermonuclear reactor .  For t h i s  
scheme t o  be e f fec t ive ,  magnetic f i e l d  s t rengths  i n  t h e  100-kilogauss range are 
required. Hence, the  Center a l s o  has a modest e f f o r t  devoted t o  t h e  production 
of intense magnetic f i e l d s ;  severa l  water-cooled magnets ( f i g .  11 shows one of 
these)  i n  t h e  100-kilogauss range have been tes ted .  Lewis a l s o  has t h e  l iquid-  
helium production capacity t o  support major pro jec ts  with superconducting mag- 
nets .  However, no one has yet  sustained a control led thermonuclear reac t ion  i n  
t h e  laboratory e i t h e r  here or elsewhere. Hence, it i s  far from timely t o  get 
enthusiast ic  about the  mission c a p a b i l i t i e s  of thermonuclear systems - t h e  under 
statement of t h e  conference. 
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The f i n a l  idea t o  be discussed is  t h e  radioisotope balloon shown i n  f i g -  
ure 12. Concentric conductors a r e  arranged i n  e i the r  spher ica l  or cy l ind r i ca l  
geometry from t h e  electrodes of a radioisotope battery.  The inner s h e l l  would be 
coated with e i t h e r  an a-emitt ing or a j3-emitting radioisotope.  The high-energy 
charged p a r t i c l e s  t h a t  a r e  e jec ted  through radioact ive decay generate t h e  elec-  
t rode  po ten t i a l  t o  form a nuclear ba t te ry .  
Because of t h e  po ten t i a l  difference,  there  w i l l  be an a t t r a c t i o n  between the  
If spher ica l  geometries m e  used, t h e  poles have no cent r i fu-  
inner  and outer  e lectrodes.  
t h e  outer balloon. 
g a l  forces .  Hence, a yoke is  a l so  required. 
This a t t r a c t i v e  force must be canceled by r o t a t i n g  
The voltage output f o r  a radioisotope ba t te ry  i s  high - on t h e  order of 1 / 2  
mi l l ion  t o  1 mi l l ion  v o l t s  s e t t i n g  a minimum size for t h e  b a t t e r y  of a few f e e t  
i n  diameter. 
p a r t i c l e s  t o  speeds corresponding t o  spec i f i c  impulses i n  t h e  thousands. 
This high voltage would be used t o  acce le ra te  co l lo ida l  charged 
The overall weight of t h e  system including powerplant and acce lera tor  is 
estimated a t  a few pounds per j e t  ki lowatt .  The mission po ten t i a l  of such a 
l ightweight system is, of course, very good. However, t h e  optimism toward using 
such a system i s  not very high. 
The problem i s  t raceable  t o  a combination o f  p roper t ies  of t he  isotopes.  
The a-emit ters  are desired but are i n  very short supply. They a l s o  must be care- 
f u l l y  contained, f o r  they are tox ic  and a r e  deposited i n  t h e  bone marrow of 
animals, where t h e  r ad ioac t iv i ty  does i r reparable  damage. The p-emitters are 
much more p l e n t i f u l ,  but t h e  high-speed electrons generate X-rays on impact with 
mater ia ls .  Hence, 3 t o  6 inches of lead would be required a t  t h e  Launch pad t o  
sh i e ld  t h e  crew. Also, t h e  heat generation of the  radioisotope decay process 
cannot be shut  o f f .  Hence, a major cooling problem might be faced during launch 
on any high-power radioisotope system. 
Research i s  being conducted on t h e  radioisotope systems as wel l  as on t h e  
other  Wild Blue Yonder propulsion schemes discussed i n  t h i s  paper. 
gressed t o  t h e  point  of su f f i c i en t  confidence t o  j u s t i f y  a development program, 
and some may never reach that point .  The chemical rocket s t i l l  looks l i k e  t h e  
work horse f o r  missions t o  be flown i n  t h e  next 10 years.  
None has pro- 
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